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Abstract
This thesis addresses two topics relating to the biology of ageing in C. elegans. The 
first is dietary restriction (DR), a treatment that is known increase longevity over a 
broad evolutionary range, from Protozoa to rodents. The mechanism by which DR 
works remains obscure, but it has been proposed that DR extends lifespan by lowering 
insulin/IGF-like (IIF) signalling, or by diverting resources from fertility into somatic 
maintenance. To test these possibilities requires quantitative application of DR. The 
first aim of this work was to establish such a DR method in C. elegans. To this end 
four reported methods were tested: Use of feeding defective mutants, use of agar plates 
with thinner bacterial lawns, use of bacterial dilution in liquid culture, and use of 
defined liquid medium. In all four cases, methodological shortcomings were identified. 
Thus, a good quantitative method of DR for C. elegans remains to be discovered.
The second topic of this thesis is the oxidative damage theory of ageing. 
Despite being the focus of intense investigation, it remains unclear whether or not this 
theory is true. A range of antioxidants was applied in the expectation that they should 
retard ageing. In no case was this seen, even in the case of the SOD mimetics EUK-8 
and EUK-134, previously reported to increase lifespan dramatically. Further studies 
were conducted to establish why SOD mimetics do not extend lifespan. Protection by 
SOD mimetics against pro-oxidants, in wild-type and hormesis-defective mutants 
implies that if superoxide levels limited lifespan as the oxidative damage theory 
predicts, then EUK-8 should increase lifespan. In fact even a EUK-8 dose optimised for 
protection against superoxide generators did not increase lifespan. The results in this 
thesis imply that oxidative damage due to superoxide is not the cause of ageing.
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1.0 Introduction to ageing
1.1 Background
Ageing is a near universal phenomenon in metazoan animal species. A distinction is 
sometimes made between ageing and senescence, where ageing refers to all age-related 
changes during adulthood (including maturational ones), and senescence only to 
deleterious changes. Senescence is characterised by a progressive decline in virtually 
every physiological function, leading to an increased rate of mortality with advancing 
age. This increase in mortality rate is usually accompanied by a decline and eventual 
cessation of reproductive ability, which in most species reduces the fitness of aged 
individuals to zero.
Some species, such as annual plants (Nooden and Thompson, 1985), marsupial 
mice of the genus Antechinus (Diamond, 1982) and Pacific salmon such as Kokanee 
salmon (Robertson, 1961) show rapid mortality following the cessation of reproduction, 
yet many species have a well-defined period of post-reproductive survival that confers 
no obvious fitness benefits to the individual (Finch, 1991). Others, such as the 
Bristlecone pine, where individual trees can have a lifespan of greater than 5000 years, 
and populations of Hydra vulgaris (Figure 1.1.1) show no increase in mortality or 
reduction in fertility over time (Martinez, 1998) suggesting that ageing is not an 
inevitable consequence of life.
Humans (particularly women) commonly live far beyond the end of their 
effective reproductive period, and die of intrinsic mortality determinants. The precise 
nature of these determinants remains unknown and understanding them is the main goal 
of ageing research. The ageing process is the primary cause of many of the major 
mortal diseases of the developed world, including cardiovascular disease, diabetes, 
numerous neurological disorders including Alzheimer’s and Parkinson’s disease and 
cancer. It has been commented that “advancing age is the most potent of all 
carcinogens” (DePinho, 2000). Thus, should identification of the biological 
mechanisms of ageing lead to therapies active against ageing, these would provide 
means of protection against many of the above, and numerous other age-related 
diseases. For this reason it has been argued that more emphasis should be placed on 
research into ageing as a means of curing illness (Holliday, 1998). A second more
14
ethically problematic consequence of treatments for ageing would be extension of 
lifespan (Gems, 2003).
Figure 1.1.1: Mortality rate in populations of Hydra vulgaris suggest a lack of senescence (taken 
from Martinez, 1998). The upper rectangle shows age-specific mortality rates for a number of species, 
including the fruit fly Drosophila, the fish Lebistes and the vole Microtus, all of which show increased 
age-specific mortality over time. In contrast, none of the four cohorts of Hydra show any increase over 
the four-year period of the experiment. Either Hydra are non-ageing, or these are still very young Hydra 
that have not yet begun to age, even after four years.
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In the wild, members of other species rarely survive long enough to senesce 
(unless maintained in an unnatural environment). The majority of organisms are killed 
by extrinsic causes of mortality, including predation, infection, starvation and cold, 
often before they have reached reproductive maturity (Kirkwood and Austad, 2000). 
Extrinsic causes of mortality have determined maximum lifespan in humans and other 
species over evolutionary time: If members of a species are likely to survive and 
reproduce to a certain age, due to forces of extrinsic mortality, then natural selection 
will act to increase survival up to this point but no further. This is the core idea of the 
evolutionary theory of ageing (Rose, 1991). While longevity contributes to fitness, 
senescence is non-adaptive and cannot be selected for: It is an indirect result of 
increased extrinsic mortality preventing individuals from reproducing to later ages.
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Thus the non-adaptive, non-essential phenomenon of senescence warrants 
investigation, as does the possibility that the biochemical and cellular genetic processes 
of lifespan determination may be manipulated in order to protect against ageing related 
disease due to force of extrinsic mortality, and perhaps to increase human longevity.
Over the years numerous theories attempting to account for the ageing process 
have been proposed -  over 300 by one estimate (Medvedev, 1990). Many early studies 
of ageing involved characterising the effect of ageing on this or that biological function 
(Comfort, 1979; Rose, 1991). The problem with this approach is that senescence affects 
most aspects of biological function, such that it is virtually impossible to identify 
primary causes. For this reason, many recent experimental studies have taken as a 
starting point a treatment (e.g. environmental, mutational) which alters the ageing rate. 
Their aim, then, is to understand how this treatment perturbs normal function to alter the 
rate of ageing. This thesis describes investigations of a treatment that retards ageing: 
Dietary restriction, and one mechanistic theory of ageing, the oxidative damage theory.
1.2 Dietary restriction
1.2.1 Introduction
The first report of the lifespan-enhancing effect of dietary restriction (DR) was 
published in 1935. In this study the dietary intake of newly weaned albino rats provided 
an excess of all recognised essential amino acids, minerals and vitamins, while calories 
were reduced (McCay et al., 1935). Further studies, in which calories but not protein, 
minerals or vitamins were restricted, achieved similar results (McCay et al., 1939; 
McCay et al., 1943) (Figure 1.2.1), suggesting that of all the components of the diet, it 
is the reduction in calories rather than of any other component that is responsible for 
increased lifespan. Since then numerous investigations have been carried out to 
elucidate the effects of varying proportions of nutrient, protein, carbohydrate and fat on 
lifespan under DR, and these have generally supported the importance of caloric content 
as the determinant of ageing effects (see Holehan and Merry, 1986 for review).
How does DR lead to extended lifespan? One trivial explanation is that ad
libitum feeding of laboratory rodents results in over-eating, and consequently reduced
lifespan. In this scenario, DR merely rescues the effect of over-eating. However, this
explanation is almost certainly not correct. DR-mediated lifespan extension is often
accompanied by a reduction in or a complete cessation of reproduction, although
numerous studies in rodents report increased lifespan with little or no effect on time to
16
reproductive maturity and reproductive output (Weindruch and Walford, 1988). When 
the level of nutrition is optimal for longevity, i.e. where maximal effects of DR on 
lifespan are seen, reproduction is greatly reduced. This is true not only for rats but also 
mice, where DR optimal for life extension leads to sterility (Weindruch, 1996), and also 
invertebrate models such as Drosophila (Chapman and Partridge, 1996) and 
Caenorhabditis elegans (Klass, 1977). What this shows is that in terms of level of 
nutritional intake there are distinct optima for lifespan (a lower level) and reproduction 
(a higher level). This separation demonstrates that DR does not merely rescue 
pathological effects of over-eating, since if the latter were occurring they would be 
predicted to reduce fertility as well as lifespan. Further, in rats, once full nutrition is 
restored formerly restricted individuals begin to reproduce again, with little impact on 
length of reproductive lifespan or number of offspring produced. This occurs even 
when they have passed the age at which reproduction has ceased in fully-fed individuals 
(McCay et al., 1935).
Figure 1.2.1: Effect of dietary restriction on albino rats (taken from (McCay et al., 1943). Ad libitum 
survival curves are labelled normal, while dietarily restricted survival curves are labelled retarded
ioo
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DR-mediated lifespan extension has been observed across the animal phyla and 
in invertebrates, including flies, water fleas, nematodes, rotifers and spiders (Austad, 
1989; Fanestil and Barrows, 1965; Hekimi et al., 2001; Kirk, 2001; Klass, 1977; Lynch 
and Ennis, 1983; Rudzinska, 1951; Weindruch and Walford, 1988). It has also been
17
observed in unicellular fungi {Saccharomyces cerevisiae, Anderson et al., 2003a; 
Anderson et al., 2003b; Lin et al., 2000; Lin et al., 2002) and protozoa (Karakashian et 
al., 1984). Thus, it is likely that DR extends lifespan via an evolutionary conserved 
mechanism, rather than via mechanisms that are different in different taxonomic groups.
1.2.2 Evolutionary explanation o f effects o f DR on fertility and ageing
DR is a lifespan extending treatment that is effective over a broad range of species. As 
described above, increased lifespan is generally accompanied by reduced or even absent 
fertility. In the context of the evolutionary theory of ageing, it has been proposed that 
the DR response, specifically the separation of nutritional optima for reproduction and 
longevity, is an adaptation for maximising fitness given alternating periods of glut and 
famine (Holliday, 1997; Masoro and Austad, 1996). In times of famine, when resources 
are insufficient for successful reproduction, down-regulating reproduction and investing 
residual resources instead in somatic maintenance could allow an individual to survive 
periods of scarcity until food becomes available again, when resources will be diverted 
back to reproduction. In populations that experience fluctuations in food availability, 
natural selection will favour individuals capable of making such a switch.
1.2.3 DR and ageing in Saccharomyces cerevisiae
S . cerevisiae is a unicellular ascomycete fungus that can be cheaply and easily
maintained in the laboratory. Its entire genome has been sequenced (Goffeau et al.,
1996) and many mutant strains are available (www.yeastgenome.org). Budding yeast
can be cultured as either stationary or budding phase cells, whereby both chronological
and replicative lifespan, respectively, can be measured. Stationary phase is induced by
glucose starvation, whereby cells switch from fermentation to respiratory metabolism.
The replicative lifespan of yeast refers to the finite number of times a yeast mother cell
can reproduce by asymmetric budding.
The lifespan extending effects of DR have been demonstrated in S. cerevisiae,
by both dietary and genetic means (Lin et al., 2000). Reducing glucose concentration in
the growth medium from 2% to 0.5%, or compromising the glucose sensing cyclic-
AMP-dependent protein kinase (PKA) results in a ~25% increase in lifespan (Lin et al.,
2000). This increase is dependent on SIR2 and NAD, and may be the result of a shunt
in carbon metabolism toward the tricarboxylic acid cycle and the concomitant increase
in respiration (Lin et al., 2000). SIR2 encodes the protein Sir2p, which promotes
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silencing of chromatin, including that bearing rDNA genes (Kaeberlein et al., 1999). 
This determines lifespan by repressing recombination and the generation of rDNA 
extra-chromosomal circles, and works in a dose-dependent manner: The more Sir2p, 
the longer the lifespan. SIR2 encodes a NAD dependent histone deacetylase which may 
act as a sensor of the energy status of the cell, promoting heterochromatin formation 
where energy levels are low (Kaeberlein et al., 1999). Interestingly, duplication of the 
C. elegans SIR2 homologue, sir-2.1, causes a 50% increase in lifespan, and appears to 
act via the insulin/IGF-l-like (IIF) signalling pathway (Tissenbaum and Guarente, 
2001). Moreover, polymorphisms in sirtuins have been linked to differences in rate of 
ageing in humans (Rose et al., 2003). This suggests that the role of histone deacetylases 
in the effects of DR on ageing may be evolutionarily conserved.
1.2.4 DR and ageing in Drosophila melanogaster
The entire D. melanogaster genome has been sequenced (Adams et al., 2000) and there 
are Age mutants available which affect a number of genes, e.g. Methuselah (Lin et al., 
1998), Indy (Rogina et al., 2000), InR  (Tatar et al., 2001) and chico (Clancy et al., 
2001). Like yeast and nematodes, fruit flies can be easily and cheaply maintained in the 
laboratory. The many similarities between the genomes of C. elegans, S. cerevisiae and 
Drosophila allows for easy interspecies comparisons in short-lived models of genetic 
and environmental manipulations between these organisms: Identification of public 
mechanisms of ageing is essential before performing equivalent more expensive and 
time consuming (though more pertinent to human longevity) trials on mice.
DR in Drosophila has been achieved by diluting the glucose and yeast extract 
added to solid fruitfly medium (Chapman and Partridge, 1996). This results in dose 
dependent effects on ageing, and reduction in fertility.
Mutation of chico, the Drosophila homologue of mammalian IRS-1-4, results in 
up to a 48% increase in mean lifespan in chico1 homozygote females (Clancy et al.,
2001), and also significant increases in lifespan in chico11 + heterozygote females (Tu et 
al., 2002). Experiments in which quantitative DR was performed on chico1 and wild- 
type flies imply that mutation of chico induces a state equivalent to submaximal, dietary 
restriction-induced slowing of aging. Maximum lifespan of chico1 flies under DR was 
attained at a higher food concentration than for wild-type, suggesting that chico1 confers 
a physiological state similar to that conferred by DR (Clancy et al., 2002a) (Section 
3.0).
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In D. melanogaster, mutation of the gene Indy {I'm not dead yet) confers a 100% 
increase in mean and a 50% increase in maximum lifespan in Drosophila. The Indy 
gene product shows homology to a mammalian sodium carboxylate transporter, which 
is required for transportation of intermediates such as citrate and succinate in the 
tricarboxylic acid (TCA) cycle (Rogina et al., 2000). This is reminiscent of DR 
mediated lifespan extension in yeast, which has been shown to involve shunting of 
carbon metabolism toward the TCA cycle (Lin et al., 2002), suggesting that mutation of 
Indy may induce DR in Drosophila.
Studies of DR in C. elegans are described in Chapter 3.
1.3 Oxidative stress
1.3.1 Introduction
Aerobically respiring organisms produce reactive oxygen species as a part of normal 
metabolism. Di-oxygen (02) is a highly oxidising molecule that acts as an electron 
acceptor in the mitochondrial electron transport chain (Figure 1.3.1). Incomplete 
reduction of oxygen results in the formation of reactive radicals and other oxidative 
species which can set off a series of oxidations and reductions leading to extensive 
intra- and extra- cellular damage (Halliwell and Gutteridge, 1999).
Many transition metals (as well as other d-block elements) are physiologically 
essential as they form part of the active site of numerous enzymes and co-factors 
including elements of the electron transport chain (Nelson and Cox, 2000). Transition 
metals are by definition radicals: A property essential for their function as enzyme 
catalytic centres but also their role in oxidant formation and dismutation. Iron and 
copper are important in terms of oxidative stress and despite usually being ligand- 
bound/chelated will catalyse radical formation, the rate at which they do so depending 
on the protein to which they are bound. An important example of this is the Fenton 
reaction, whereby hydrogen peroxide (H20 2) is oxidised to a hydroxyl radical and a 
hydroxyl ion (OH and OH ) by Fe(II), a reaction which is accelerated by the superoxide 
radical ion (0 2‘) recycling Fe(III) to Fe(II). 0 2' further contributes to Fenton chemistry 
by destroying the iron-sulphur clusters of certain enzymes, releasing iron ions 
(Halliwell and Gutteridge, 1999).
A relatively new and interesting field of research involves nitrositive stress,
founded on the discovery that nitric oxide (NO) and its derivatives are important agents
of macromolecular damage. Reaction of NO and 0 2‘ results in the highly reactive
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peroxynitrite radical (ONOO ) being formed: The latter is thought to be responsible for 
most of the nitrositive damage attributed to NO (Halliwell and Gutteridge, 1999).
Fig. 1.3.1: The electron transport chain of the mitochondria. Here the bulk of superoxide and 
hydrogen peroxide are generated as by-products of normal aerobic respiration. Electrons are passed from 
components I and II to ubiquinone (CoQ) and down subsequent members of the electron transport chain. 
Electron leakage from NADH dehydrogenase (I) and succinate dehydrogenase (II) can result in 
electrons reacting with molecular oxygen (0 2) to form the superoxide radical (0 2 ) (reaction enclosed by 
dashed boxes). Hydrogen peroxide (H20 2) can be formed through combination of superoxide with a 
second electron from component I or II, followed by protonation.
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Succinate
Fumarate
Matrix
Prior to the characterisation of the mechanisms by which reactive oxidative and 
nitrosive species are formed, theories proposing a role of free radicals in ageing were 
formulated, as a result of experimental observations implicating free radicals as 
determinants of ageing. The following is an account of the development of the 
oxidative damage hypothesis of ageing, from its roots in radiation biology.
1.3.2 The free radical theory
According to the free radical theory, ageing is the result of cumulative oxidative 
damage to cells and tissues, arising as a result of aerobic metabolism. This theory was 
formulated by Denham Harman as a result of observations that irradiation of living 
organisms shortened lifespan and produced changes resembling ageing (Harman, 1956). 
This theory has evolved into the oxidative stress hypothesis of ageing (see below) 
following the discovery of free radical defence enzymes and that species generate and 
ameleroriate oxidative stress with varying levels of efficiency.
1.3.3 Mitochondrial theories
As the main source of reactive oxygen species (ROS) within the cell, mitochondria are 
also likely to be the primary targets for free radical damage. The mitochondrial theory
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of ageing proposed that the gradual accumulation of impaired mitochondria over time is 
the driving force of the ageing process. Damage to mitochondrial DNA (which is not 
protected by histones) is ten times higher than that of nuclear DNA, and accumulates 
more rapidly with age (Ames et al., 1993). Support for this theory is provided by the 
identification of several large age-related deletions in mtDNA (Linnane et al., 1990; 
Zhang et al., 1996). Structural and functional defects in the electron transport chain 
complexes and a decline in ATP production with age have also been detected (Boffoli et 
al., 1994; Sugiyama et al., 1993).
1.3.4 The oxidative stress hypothesis
This hypothesis has its roots in the free radical theory of ageing. In the 1970s it was 
established that mitochondria produce oxidants as a result of normal metabolism, and 
that 1-2% of electrons passing through the electron transport chain were lost to oxidant 
production (Chance et al., 1979). This led to the hypothesis that oxidative stress at a 
cellular level is the proximal cause of senescence and death. It has been shown that 
rates of mitochondrial 0 27H20 2 generation are directly related to metabolic rate and 
inversely related to the maximum lifespan of different mammalian species, consistent 
with the oxidative stress hypothesis of ageing (Sohal et al., 2002, for review).
As a consequence of the many routes by which reactive species can be formed, 
aerobes have evolved extensive defence mechanisms to tackle oxidative and nitrositive 
stress. Reactive oxygen and nitrogen species formation, as well as defence against 
reactive species, are discussed further in chapter five.
1.3.5 Oxidants as signalling molecules
The idea that oxidant production has only harmful effects, contributing to ageing and 
disease, has been reassessed in recent years, with the growing realisation that oxidants 
play an important role in intracellular signalling (see Finkel, 2003; Finkel and 
Holbrook, 2000 for review). It has long been known that bacterial gene expression can 
be induced by oxidants. Hydrogen peroxide activates the transcription factor OxyR, a 
regulator of H20 2 activated genes (Storz et al., 1990). It does so by oxidising two 
conserved cysteines, to form an intramolecular disulphide bond, which presumably 
changes its conformation such that it can bind to DNA recognition sites (Zheng et al., 
1998). The E. coli SoxR transcription factor is activated by 0 2\  via two redox-active
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iron-sulphur (2Fe-2S) centres, oxidation of which renders SoxR active (Greenberg et 
al., 1990). SoxR mediates transcription of SoxS, resulting in an increase in SoxS 
protein that then activates the transcription of several other genes including superoxide 
dismutase (Demple and Amabile-Cuevas, 1991).
In mammals, NADPH oxidase was thought until relatively recently to be an 
exclusively phagocytic ROS generating enzyme, and that the ROS produced functioned 
simply in the killing of invading microorganisms (Lambeth, 2000). However, it has 
emerged recently that three NADPH oxidase homologues are expressed in diverse 
tissues, and that the ROS they generate act as intermediary signals rather than being the 
ultimate effector (Finkel, 2003). In the case of phagocytic NADPH oxidase, the ROS 
burst in fact acts by triggering the release of proteases required for bacterial destruction, 
rather than ROS being directly responsible for microorganism destruction, as previously 
believed (Reeves et al., 2002).
It is even possible that ROS signalling plays a role in the insulin/IGF-1 (IIF) 
signalling pathway, the action of which accelerates ageing in C. elegans, Drosophila 
and rodents (Bluher et al., 2003; Guarente and Kenyon, 2000; Holzenberger et al., 2003; 
Masoro, 2003).
Insulin or IGF-1 receptor activation results in production of 3,4,5-triphosphate 
inositide (PIP3) which stimulates a cascade of Ser/Thr kinases. PIP3 is dephosphorylated 
by PTEN phosphatase (DAF-18 in C. elegans, Mihaylova et al., 1999; Ogg and 
Ruvkun, 1998). It has recently been shown that intracellular hydrogen peroxide 
reversibly oxidises PTEN phosphatase (Radi et al., 2002). As in oxidation of the OxyR 
transcription factor (see above) this involves oxidation of two conserved cysteines to 
form an intramolecular disulphide bond (Radi et al., 2002). How exactly receptor 
tyrosine kinase activation leads to production of hydrogen peroxide remains unclear.
1.3.6 Oxidative stress and ageing in Saccharomyces cerevisae 
Oxidative stress has been implicated in the viability of stationary phase cells. Removal 
of SOD results in cell death, implying that stationary phase cells still generate ROS 
(Longo, 1996). Further, over-expression of both mitochondrial and cytosolic Sods 
increases chronological lifespan (Fabrizio et al., 2003).
Reduction of function mutations in Cyrl, which encodes adenylate cyclase, and 
Sch9, which encodes a serine threonine kinase, both extend lifespan and increase
resistance to stress (Fabrizio et al., 2001; Morano and Thiele, 1999).
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It has been suggested that DR might work by increasing ROS defence. This does 
not seem to be the case in yeast, however: DR does not confer, nor does deletion of 
SIR2 reduce, yeast resistance to oxidative stress (Lin et al., 2002).
1.3.7 Oxidative stress and ageing in Drosophila melanogaster
Drosophila has been used extensively to test the oxidative damage theory, especially 
via treatment with dietary antioxidants and over-expression of antioxidant genes in 
transgenic lines (reviewed in Le Bourg, 2001; Sohal et al., 2002). Overall, these studies 
fail to provide strong support for the oxidative damage theory. These are reviewed in 
section 6.1. Related studies of C elegans are described in section 5.3.
The first long-lived Drosophila mutant identified affected the methuselah (mth) 
gene, which encodes a putative GTP-binding protein-coupled seven-transmembrane 
domain receptor homologue. Mutation of mth results in an ~35% increase in mean 
lifespan and increased resistance to starvation, oxidative stress and high temperature. 
Moreover, as in C. elegans IEF signalling mutants (Honda and Honda, 1999; Kimura et 
al., 1997; Vanfleteren, 1993), Drosophila InR and chico mutants have elevated SOD 
levels (Clancy et al., 2001; Tatar et al., 2001), suggesting that oxidative stress resistance 
may underlie the Age phenotype in both organisms.
1.3.8 Oxidative stress and ageing in rodents
Compared with invertebrate models such as Drosophila and C. elegans described 
above, rodent ageing experiments are expensive to perform, necessitating smaller 
sample sizes. Survival analyses can take several years, particularly where murine 
lifespan is extended.
Mutation of p66sbc increases resistance to oxidative stress (paraquat) and also 
extends mouse lifespan (Migliaccio et al., 1999). p66sbc is activated by tyrosine 
phosphorylation downstream of IGF-1, and acts on the MAPK pathway to regulate 
cellular response to oxidative stress. In IGF-1R heterozygous knockout mice lifespan is 
extended by up to 33% and stress resistance is increased (Holzenberger et al., 2003). 
p66sbc is underphosphorylated in IGF-1R heterozygous knockout mice, suggesting that 
the increased lifespan of this mutant may be due to effects on p66sbc activity and hence 
stress resistance (Holzenberger et al., 2003).
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To provide a broad context in which to understand the possible mechanisms 
underlying the effect of DR on ageing and the role of oxidative damage, the next section 
reviews the evolutionary and mechanistic theories of ageing.
1.4 Theories of ageing
1.4.1 Evolutionary theories of ageing
Evolutionary theories attempt to explain why we age, why ageing exists, how it evolved 
and why there is such great variation in lifespan among animal species (reviewed in 
Kirkwood and Austad, 2000). It is likely that existing species evolved from simple, 
primordial replicators, the fitness of which was determined by the fidelity and speed 
with which they could make copies of themselves (Kirkwood, 1977). Such replication 
would have taken place in a hostile environment, with constant exposure to physical and 
chemical agents that rapidly degraded and disrupted replicating molecules. The 
success of such molecules would depend on their surviving long enough to produce at 
least one exact copy of themselves, and successful replicators would last longer and 
leave more descendants. Eventually complex and varied strategies for enhancing 
fidelity and survival evolved, leading to the species diversity we see today (Kirkwood, 
1977). Evolutionary ageing theory attempts to explain how senescence and death are 
the result of such strategies, bearing in mind that individuals living in wild populations 
rarely die of old age (Kirkwood and Austad, 2000).
Declining force of natural selection with increasing age leads to ageing 
In age structured populations, the force of natural selection declines with increasing age 
because, due to extrinsic mortality, older age-classes contribute fewer genes to the next 
generation (Medawar, 1952). In theory, whether a species is non-ageing or ageing, the 
older an individual is the greater the cumulative probability of their being killed, since 
they have been exposed to risk for longer than younger individuals (Charlesworth, 
1980). The modem evolutionary ageing theory is based upon the fact that the force of 
natural selection declines with increasing age. From this base, a number of different but 
inter-related theories have been derived.
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Mutation accumulation theory
This idea was formulated by the geneticist J. B. S. Haldane in the 1940s, based upon his 
observations of the pathology of Huntington’s disease. Huntington’s is caused by a 
dominant mutation, and has a late age of onset, at around 35 years old. It results in 
uncontrollable flaying spasms, insanity and death. Because most sufferers will have 
borne and raised children prior to onset of the disease, the gene is frequently passed on, 
and to approximately half of a sufferer’s offspring.
Haldane proposed that dominant lethal mutations will be maintained in a 
population at high frequency if the onset of their effects is delayed. Further, he 
observed that natural selection is unable to purge such mutations from the population if 
they occur after the majority of individuals have ceased to reproduce, and proposed that 
ageing is the result of an accumulation of late acting, deleterious mutations.
The antagonistic plieotropy and the disposable soma theories
Many genes have different effects in different tissues, and at different times during 
development and adulthood. Mutation of such genes, in particular, may result in 
pleiotropic phenotypes. A mutation that leads to enhanced fitness early in life may be 
detrimental to survival later in life. Because of the early fitness benefits, even if such a 
mutation leads to illness and death in later life it may still enhance fitness overall if its 
negative effects are exerted at an age which makes a smaller contribution to fitness. As 
discussed, it is typically the case that the older an animal becomes the less likely it is to 
reproduce and contribute genes to the next generation, so there is reduced selection 
against the late deleterious effect of such a gene (Williams, 1957). This suggests that in 
cases where fecundity increases with age, great longevity will evolve. This may 
account for the very long lifespans of many species of fish, and trees, where size and 
fecundity continue to increase with age (Rose, 1991).
A more recent formulation of this theory proposes the idea that the somatic part
of the body of an animal (the soma) will be repaired and maintained only insofar as it
enhances fitness. Maintenance and repair genes will be selected to possess a level of
activity just sufficient (but no more) for reproduction, or the propagation of the germ-
line. The reason for setting somatic maintenance functions at a level insufficient to
prevent ageing is that this would be energetically costly. Therefore, fitness is
maximised by investing just sufficient resources into longevity assurance, and investing
the rest in reproduction. Thus, there is a trade-off between maintaining the disposable
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soma and passing on the immortal germ-line (Kirkwood and Rose, 1991): The former 
is selected to survive for only so long as it is serving the latter.
1.4.2 Mechanistic theories of ageing
Mechanistic theories attempt to provide testable hypotheses to establish how (rather 
than why) we age: The proximal causes of progressive physiological decline that cause 
senescence and death in individual organisms. Such theories should also be able to 
explain why lifespan varies between species.
Rate o f living theory
This highly influential metabolic theory of ageing was first proposed over seventy years 
ago, based on studies of the effects of temperature on lifespan in Drosophila (Pearl, 
1928). The central idea is that the lifetime expenditure of energy per unit mass (the life 
energy potential) is a constant, such that lifespan is determined by the rate at which 
energy is expended. This idea, derived from studies of poikilotherms, was inspired by 
earlier studies of metabolic rate in mammals, by Rubner, (1908) (Sohal et al., 2000,
2002) Rubner demonstrated that small mammals typically have a higher resting 
metabolic rate than larger ones. Over the course of a full lifetime small mammals 
consume approximately the same total amount of oxygen per unit mass as larger ones, 
which represents a lifespan consumption of approximately 60,000 litres of oxygen/kg. 
This corresponds to a life energy potential of approximately 680kj/g. However, it 
should be pointed out that this constant does not apply to all mammalian groups: The 
life energy potential for primates is a great deal higher (Rickleffs and Finch, 1995).
That lifespan should be related to metabolic rate may readily be reconciled with 
the oxidative damage theory, because free radicals and other toxic by-products of 
metabolism will presumably be produced more rapidly and therefore do more damage 
the faster an individual metabolises (Sohal and Weindruch, 1996). There are exceptions 
to this rule, however: Birds metabolise much more rapidly than comparatively sized 
mammals but are generally much longer lived. Bats are also long-lived compared to 
other mammals of the same size, suggesting there is something about flight that allows 
evolution of a slower rate of ageing, probably due to reduced risk of extrinsic mortality 
(Austad and Fischer, 1991).
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Numerous other mechanistic theories have been proposed, most of which are 
poorly supported (Finch, 1991; Rickleffs and Finch, 1995; Rose, 1991). The oxidative 
damage theory has already been discussed. Two other once influential theories are 
discussed below.
Somatic mutation hypothesis
This theory arose from observations that exposure to sub-lethal doses of radiation 
shortened the lifespan of mammals and increased the rate of somatic mutation. It was 
suggested that this shortening of lifespan was due to increased senescence, and that rate 
of somatic gene mutation determines the rate of ageing (Failla, 1960; Szilard, 1959). A 
good test of this theory is derived from its prediction that chromosomal ploidy will 
influence lifespan. However, several studies failed to support this prediction. For 
example, the parasitic wasp Habrobracon is haplodiploid: Males are haploid, and 
females are diploid (Clarke and Rubin, 1961). While males proved more sensitive than 
females to the effects of exposure to x-rays, it was not the case that males aged faster 
than females.
Error catastrophe hypothesis
This idea, proposed by Orgel, appeared with the understanding of mRNA translation 
into protein, and was inspired by cybernetics (Orgel, 1963). It proposed that errors in 
protein translation lead to reduced fidelity of transcription and translation. By a process 
of positive feedback, this would be predicted to result in amplification of defective 
protein synthesis until the cell contains such a large amount of defective proteins that a 
catastrophic point is reached, resulting in cell (and organismal) death. However, study 
of protein populations in ageing cells has failed to detect evidence of any such error 
catastrophe, which would be predicted to lead to large increases in levels of altered 
proteins. For example, protein populations in ageing C. elegans have been examined 
using 2-D gel electrophoresis (Johnson and McCaffrey, 1985; Vanfleteren and De 
Vreese, 1994). Moreover, additions of amino acid analogs, which are incorporated 
during translation and induce high levels of translation error, do not lead to an error 
catastrophe (Harrison and Holliday, 1967), contrary to expectations from Orgel’s 
theory.
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1.5 Introduction to Caenorhabditis elegans
1.5.1 C. elegans as a model genetic system
The short lifespan of C. elegans makes it a particularly convenient model organism for 
studies of ageing. When cultured on NGM agar on E. coli lawns at 20°C, wild-type 
(N2) hermaphrodites have a mean lifespan of 18-20 days. The use of C. elegans as a 
model organism for studying the genetic specification of metazoan biology was initiated 
in the 1960s by Sydney Brenner (Wood, 1988). It was selected for reasons of 
convenience. Adult worms measure only around 1.2 mm in length, and are therefore 
easy and cheap to propagate and maintain in large numbers. Worms are typically 
maintained on the surface of an NGM filled Petri dish seeded with E. coli as a food 
source (Brenner, 1974). C. elegans has two sexes, hermaphrodite (XX) and male (XO). 
The hermaphrodites are protandrous, generating approximately 300 sperm toward the 
end of larval development and the beginning of adulthood. Hermaphrodites are self- 
fertilising (they cannot cross-fertilise), and fecundity of self-fertilising hermaphrodites 
is limited by the number of sperm they produce prior to switching to egg formation in 
early adulthood.
Males may be formed from nullo-X gametes resulting from spontaneous meiotic 
non-dysjunction of the sex chromosomes, during hermaphrodite self-fertilisation, at a 
frequency of around 0.1%. Alternatively, they may result from mating with 
hermaphrodites, which results in a 50:50 ratio of male to hermaphrodite progeny. Males 
possess extra cells that are not present in hermaphrodites, including 79 neurons 
contributing to male mating behaviours, and 16 extra hypodermal cells, which are 
required for the male tail structures.
The existence of self-fertilising hermaphrodites and males makes C. elegans a 
very convenient system for mutational analysis, and in selecting such an organism 
Brenner made an ingenious choice: The occurrence of self-fertilisation allows the 
propagation of homozygous mutants with severe behavioural and morphological defects 
which prevent mating with males. Simple maintenance of such mutants would be 
impossible in Drosophila melanogaster. The additional presence of males allows 
strains to be out-crossed, and mutations mapped and combined for epistasis analysis.
C. elegans now has very well-developed genetics: Numerous mutants affected in 
a whole range of genetic, structural, behavioural, reproductive, developmental and
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ageing processes have been generated and characterised. Strains are distributed from a 
central facility, the Caenorhabditis Genetics Center1. The genome has been completely 
sequenced and approximately 19,000 putative genes identified (C. elegans Sequencing 
Consortium 1998).
The predictable cell numbers and migrations in this organism and its transparent 
body make it an ideal model for investigating developmental pathways and for 
visualising gene expression in transgenic animals with promoter fusions to green 
fluorescent protein (GFP). In fact the entire cell lineage of C. elegans has been mapped 
(Sulston and Horvitz, 1977).
Finally, C. elegans is highly inbred. Cloned populations have an effective 
homozygozity of 100%. Worm stocks can be frozen at -70°C for many years, allowing 
for convenient storage and integrity of all strains.
1.5.2 Genetic nomenclature in C. elegans
Genetic loci are designated names of three lower-case italicised letters, joined by a 
hyphen to an Arabic number, e.g. daf-2. To indicate the linkage group of the locus, an 
italicised Roman numeral follows e.g. daf-2 III. The three-letter abbreviation can refer 
either to the mutant phenotype of the disrupted gene (in this case dauer formation) or to 
the protein product of the wild-type gene e.g. pdi (protein disulphide isomerase). 
Phenotypes are written as locus names, but are non-italicised and have a capital letter 
(e.g. Daf-c, where the c stands for ‘constitutive’), while gene products are written in 
upper case e.g. DAF-2. Mutant alleles are denoted as specific italicised numbers in 
brackets following the gene name e.g. daf-2(e!370). In the allelic specification, the 
initial lower case letter is a code for the laboratory where the allele was isolated. Here e 
is the code for the MRC-LMB (Cambridge, UK) and the number following represents 
the 1370th mutant allele generated by that laboratory.
1.5.3 Biology and anatomy
The original wild-type, or N2, strain was isolated in the early 1960s and propagated in 
the laboratory. Many wild isolates have since been collected from around the globe, 
which vary in a range of behavioural, reproductive, anatomical and ageing 
characteristics (Halliwell and Gutteridge, 1999; Hodgkin, 1997; Johnson and
1 Caenorhabditis Genetics Center, University of Minnesota, 6-6160 Jackson Hall, 321 Church Street S,E, 
Minneapolis, MN 55455, http://biosci.umn.edu/CGC/CGChomepage.htm
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Hutchinson, 1993). However, very little is known about the natural history 
characteristics of C. elegans: Merely that it is a free-living, microbivorous soil-dweller, 
probably feeding on slime moulds and bacteria (Riddle and Albert, 1997).
C. elegans has a simple anatomy. The body of the adult is covered by an outer 
cuticle composed mainly of cross-linked collagens. Beneath the cuticle lies the 
hypodermis, which in turn connects to body wall muscles via protruding muscular 
filaments. The majority of muscles are striated and used for movement, while non- 
striated muscles are used for pumping of the pharynx, defecation and intestinal 
contractions. Through the centre of the body runs the intestine, which connects to the 
pharynx at the anterior and the anus at the posterior. The pharynx pumps food into the 
buccal cavity of the worm, and bacteria are broken up by contraction of the terminal 
bulb (Doncaster, 1962).
1.5.4 Lifecycle
C. elegans hatch from the egg as stage 1 larvae (LI). When food is abundant and 
population density is low, development proceeds through three further larval stages, L2- 
L4, with a cuticle moult preceding each new stage. After the final moult, the animal 
attains adulthood and is able to reproduce within a few hours. At 25°C the entire life 
cycle is completed in just 50 hours. (Riddle et al., 1997) (Figure 1.5.1).
The C. elegans life cycle includes an alternative larval stage, which develops if 
conditions are unsuitable for reproduction. This dauer larva (German: "to endure") is a 
developmentally arrested diapausal stage that can survive for several months on stored 
lipid and glycogen and can endure a wide range of stresses (Cassada and Russell, 1975; 
Klass and Hirsh, 1976). C. elegans larvae enter the alternative duaer stage during 
periods of food scarcity and over-crowding. High concentrations of a constitutively 
produced pheromone coupled with low levels of a food signal trigger entry of LI larvae 
into a pre-dauer, L2d stage (Golden and Riddle, 1982). High temperature also promotes 
dauer larvae formation (Golden and Riddle, 1984a; Golden and Riddle, 1984b). If such 
conditions are sustained, development continues into dauer.
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Figure 1.5.1: The life cycle of C. elegans is completed in just 50 hours at 25°C
(Braeckman et al., 2001)
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During dauer larvae development, animals contract radially due to hypodermal 
shrinkage and begin to store lipids, resulting in a dark appearance. Dauer larvae cannot 
feed due to the occlusion of the mouth and suppression of pharyngeal pumping (Riddle, 
1988). SOD and catalase levels are increased in dauer larvae, which may partly explain 
their extreme longevity (Larsen et al., 1995; Vanfleteren and De Vreese, 1995). If the 
dauer pheromone/food ratio drops, dauer larvae may recover and resume development 
into reproductive adults. Interestingly, the lifespan of post-dauer adults is unaffected by 
the duration of larval arrest, and the dauer larvae stage has been referred to as a non­
ageing stage (Klass and Hirsh, 1976). However, dauers do show some signs of ageing, 
including a decrease in metabolic capacity and increased accumulation of the age 
pigment lipofuscin, which are reversed upon dauer recovery (Houthoofd et al., 2002a). 
Thus, it is possible that the dauer larvae lifespan is limited by ageing rather than 
exhaustion of nutrient stores, as previously suggested (Klass and Hirsh, 1976), and that 
during dauer larvae recovery, a process of rejuvenation occurs.
1.5.5 Genetics o f dauer-larvae formation and ageing
Genetic screening for C. elegans longevity mutants (Klass, 1983) have resulted in the 
isolation of numerous long-lived strains. The first lifespan mutation to be described 
was age-1, causing a reduction-of-function leading to a 56% increase in lifespan
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(Friedman and Johnson, 1988a, b). Subsequently a second reduction-of-function 
mutant, daf-2, was shown to double wild-type lifespan (Kenyon et al., 1993). daf-2 was 
originally identified due to its effect on dauer larvae formation, and epistasis analysis 
revealed that age-1 and daf-2 exert their effects on lifespan (and dauer larvae formation) 
via the same, insulin/IGF-l-like (IIF) signalling pathway (Morris et al., 1996).
The genetics of dauer formation are well understood due to the identification of 
many dauer formation (daf) mutants and their subsequent classification into three 
parallel dauer formation pathways: The cyclic GMP (cGMP), transforming growth 
factor p (TGF-P) and IIF signalling pathways (Riddle et al., 1981; Vowels and Thomas, 
1992). These three pathways act to integrate nutritional, pheromonal and temperature 
cues from the environment, resulting in either dauer formation or development to 
adulthood, and also act in the adult where they affect longevity and ageing.
There are two main classes of daf mutant phenotype: dauer defective (Daf-d) 
and dauer constitutive (Daf-c). Daf-d mutants are unable to form dauers under any 
conditions. Daf-c mutants are often temperature sensitive, behaving as wild type for 
dauer formation at 15°C, while increasing temperature results in increased dauer 
formation: Many Daf-c mutants form 100% dauers at 25°C, despite the presence of 
ample food and little dauer pheromone. Unlike the majority of (IIF) signalling pathway 
mutants, daf-18 does not form dauers at 25°C. However, a recent study has shown that 
at 27°C, dauer formation is strongly induced in daf-18 (and several other IIF signalling 
mutants previously thought to not be Daf-c): This phenotype has been designated high 
temperature induction of dauer formation (Hid) (Accili et al., 1996).
The best-characterised of the three pathways is the phosphoinositide 3-kinase 
(AGE-1) branch, which transduces insulin-like receptor kinase (DAF-2) signalling into 
a phosphorylation cascade via serine-threonine kinases (AKT-1, AKT-2, PKB-1) to the 
forkhead transcription factor DAF-16 (Figure 1.5.2). Mutation or RNAi inhibition of 
daf-2 or several downstream components of this branch (aap-1, age-1, akt-1, ist-1, pdk- 
1) results in a temperature-sensitive Daf-c phenotype (Kimura et al., 1997; Paradis et 
al., 1999; Paradis and Ruvkun, 1998; Wolkow et al., 2002) which is completely 
suppressed by mutation of daf-16 (Kenyon et al., 1993; Larsen et al., 1995).
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Figure 1.5.2: Insulin/IGF-1 like signalling in C.elegans in (i) wild-type and (ii) IIF signalling mutants 
Adapted from (Braeckman et al., 2001; Carter et al., 2002)
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Other branches of IIF-signalling in C. elegans are less well characterised than PI3K 
signalling but may also play a role in the regulation of dauer formation and lifespan. For 
example, preliminary evidence suggests a role for RAS signalling from daf-2 in these 
processes (M. Nanji, pers.comm.). Like PI3K signalling, RAS signalling phosphorylates 
DAF-16 (Kimura et al., 1997)
Thirty-nine insulin-like ligand (Ins) genes have been identified, some or all of 
which may encode DAF-2 ligands (Li et al., 2003; Pierce et al., 2001). One of these 
genes encodes a mammalian relaxin homologue. The mammalian relaxin receptor is a 
G protein-coupled receptor, implying that some C. elegans INS proteins may be ligands 
for G-protein coupled receptors (Hsu et al., 2002).
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1.6 Other areas of interest in ageing of C. elegans
1.6.1 Clk genes
A second class of genes involved in C. elegans lifespan determination are the dock 
{elk) genes. Mutation of clk-1, clk-2 or elk-3 results in maternally rescued Age and 
developmental timing phenotypes (Lakowski and Hekimi, 1996). elk mutants are 
resistant to U.V. irradiation (Murakami and Johnson, 1996): Increased stress resistance 
may play a role in the increased lifespan of elk mutants. Because clk-1 encodes a 
homologue of a mitochondrial protein in yeast that is involved in coenzyme Q synthesis 
(Ewbank et al., 1997), it has been proposed that the increased longevity of clk-1 may be 
the result of decreased ROS generation due to decreased activity of the electron 
transport chain (Larsen and Clarke, 2002)
1.6.2 Gonadal signalling
In C. elegans, adult hermaphrodite lifespan is increased by ~60% upon removal of the 
germline precursor cells in the LI larva by laser ablation or mutation (Arantes-Oliveira 
et al., 2002; Hsin and Kenyon, 1999). This effect is unlikely to be the result of 
interference with a somatic maintenance/reproduction trade-off because removal of the 
whole gonad (germline and somatic gonad precursors) has no effect on lifespan. 
Instead it was proposed that lifespan extension is the result of abolition of a lifespan- 
reducing signal from the germline, and that an equal and opposite lifespan enhancing 
signal is released from the somatic gonad lifespan (Hsin and Kenyon, 1999)
1.6.3 Pharmacological intervention
The development of pharmacological compounds that attenuate the ageing process is a 
large and attractive area of (mainly commercial) research, due to its great financial 
potential. Such compounds can also be useful in more basic ageing research, however. 
Drugs with well-defined physiological effects can be used to investigate the 
mechanisms and processes involved in ageing. Such interventions are discussed 
further in chapter five.
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2.1 Solutions used
Axenic medium (Vanfleteren et al., 1998)
Basal medium
3% w/v Soy Peptone(Sigma) and 
3% w/v Yeast Extract(Sigma) in dH20  
Autoclave for 20 minutes at 121°C and 4atm.
Hb stock solution
5% w/v Haemoglobin (Sigma) in 0.1M KOH 
Autoclave separately for 10 minutes at 121°C and 4atm.
After cooling dilute Hb stock solution 100-fold in basal medium. Basal, Hb stock and 
complete medium can all be stored below 4°C or frozen until use.
M9 buffer (1 litre in dH20 ) (Wood, 1988)
7.00g Na2HP04.2H20  
3.00g KH2P04 
5.00g NaCl 
0.25g MgS04.7H20
Autoclave for 20 minutes at 121°C and 4atm.
Minimal medium for E. coli OP50
Using freshly autoclaved solutions, to 100ml M9 add:
1.0ml 2M NH4C1 
1.0ml 20% w/v d-glucose 
0.2ml 2mg/ml uracil
Inoculate with a single colony of E. coli OP50 and incubate at 37°C in shaker for 48 
hours. Store at 4°C.
Nematode Growth Medium (NGM; llitre) (Wood, 1988)
3.0g NaCl
2.5g Bactopeptone (Difco)
17g agar (US Biological)
Add 975ml dH20  and autoclave for 20 minutes at 121°C and 4atm. Then add (in the 
following order):
lml cholesterol (5mg/ml in ethanol) 
lml 1M CaCl2 
lml 1M MgS04
25ml 1M potassium phosphate buffer pH6.0
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Stock bottles of agar are placed in a 60°C water bath, and poured into 3mm diameter 
lidded plates to a depth of approximately 5mm.
1M potassium citrate pH6 (llitre in dH20 ) (Wood, 1988)
20.00g citric acid monohydrate (C6H807.H2O)
293.50g tri-potassium citrate monohydrate (C6H507K3.H2O)
Adjust pH to 6.0 using 5M KOH 
Autoclave for 20 minutes at 121°C and 4atm.
S Basal solution (Wood, 1988)
5.85g NaCl 
1.00g K2HP04 
6.00g KH2P04
lml cholesterol (5mg/ml in 100% ethanol) 
Autoclave for 20 minutes at 121 °C and 4atm.
S Medium (200ml) (Wood, 1988)
To 200ml S Basal solution, add the following freshly autoclaved solutions using sterile 
technique:
2.00ml 1M potassium citrate pH 6.0 
2.00ml trace metals solution 
0.60 ml 1M CaCl2 
0.60 ml 1M MgS04
Do not autoclave S medium. Store in dark at 4°C.
Trace metals solution (1 litre in dH20 ) (Wood, 1988)
1.86g disodium EDTA 
0.69g FeS04.7H20
0.20g MnCl2.4H20
0.29g ZnS04.7H20
0.025g CuS04.5H20
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2.2 Listing and origin of strains employed
Caenorhabditis elegans
Strain Gene allele Origin
N2CGCM CGC
N2GA Laboratory evolved strain
DAI 116 eat-2(adlll6) CGC
DA467 eat-6(ad467) CGC
DA53 eat-l(ad427) CGC
GA69 eat-2(adlll6) Back-crossed 3x to CGCM
GA70 eat-6(ad467) Back-crossed 3x to CGCM
GA71 eat-l(ad427) Back-crossed 3x to CGCM
PR801 che-3 (p801) CGC
CB1387 daf-10(el387) CGC
PR813 osm-5(p813) CGC
CB1365 daf-2(e!365) CGC
DR1563 daf-2 (el370) CGC
GR1307 daf-16(mgDf50) CGC
GA113 daf-16(mgDf50); daf-2 (el365) Constructed in lab
GA114 daf-16(mgDf50); daf-2(el370) Constructed in lab
NS3227 daf-18(nr2307) Axys Pharmaceuticals
Escherichia coli
Strain Origin
OP50 CGC
GDI Catherine C. Clarke (UCLA)
GDl:pAHG Catherine C. Clarke (UCLA)
2.3 Strain Maintenance
Upon receipt from the CGC, wild-type and mutant C. elegans strains were propagated 
by taking a 1cm2 chunk of agar from the transit plate, placing the chunk onto NGM 
streak-seeded with E. coli and incubated at 15 or 20°C. Upon appearance of gravid 
hermaphrodites the strain was decontaminated using the alkaline hypochlorite 
procedure. The resultant eggs were pipetted onto 5 NGM plates, the plates wrapped in 
parafilm, placed at 15°C and left until the worms have overgrown and starved. The 
strain was then frozen with glycerol (Wood, 1988) and stored at -70°C until needed.
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Strains in everyday use were propagated by taking a 1 cm2 chunk from a worm plate 
prior to starvation, and placing this on a fresh plate. Upon receipt, bacterial strains 
were similarly frozen down with glycerol and stored at -70°C.
2.4 Decontamination of nematode stocks
To avoid bacterial and fungal contamination, or for removing E. coli in preparation for 
axenic culture, all strains were decontaminated prior to the commencement of each 
experiment, and experimental animals picked as L4’s from the resultant progeny.
Decontamination protocol
1. To ensure a good egg yield, several chunks were taken from a plate of the relevant 
strain and these placed onto fresh plates.
2. These plates were incubated at the experimental temperature until they yielded 
numerous gravid hermaphrodites.
3. Worms were suspended in M9 by adding 3-5mls to the first plate, swirling the 
plate until the worms were in suspension, then tipping this suspension onto the 
next plate, swirling the plate and repeating using all plates for that strain.
4. This worm suspension was placed in a 15ml centrifuge tube and made up to 5ml 
with M9. It was found that optimal axenisation was achieved if gravid worms 
from no more than 5 plates were placed in each centrifuge tube; if a larger number 
of worms were to be cleaned, e.g. 20 plates, additional centrifuge tubes were 
employed.
5. 2ml 5-7% hypochlorite and lml 5M KOH/NaOH were added to each tube, the 
tube gently shaken and incubated at room temperature for 3 minutes.
6. Each tube was shaken and centrifuged for 1 minute at lOOOrpm. The supernatant 
was removed using disposable 10ml plastic pipettes. For this and all further steps 
sterile technique was utilized.
7. The pellet was made up to lOmls and step 6 repeated. This was done three times.
8. The final supernatant was removed to leave 0.5ml. The remaining suspension was 
drawn up and down using a lml pipette tip a number of times to evenly distribute 
the suspended eggs, which were then pipetted onto NGM plates or into axenic 
medium, as required.
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2.5 Classical genetic techniques
Out-crossing mutant eat strains to wild-type
eat mutant strains were obtained from the CGC and out-crossed three times with N2 
CGCM to eliminate genetic background effects. Although the N2 wild-type 
background, which forms the background to almost all C. elegans mutants in use, is 
viewed as immune to genetic drift, there is, in fact, variation between different N2 
cultivars that have striking effects on ageing (Gems and Riddle, 2000a). Thus 
standardisation of N2 background is necessary for mutant ageing studies, especially 
where small effects on lifespan may be involved. Because eat mutants are much paler 
than wild-type worms, this was the phenotype used to identify eat mutant homozygotes 
during out-crossing.
Ten L4 stage wild-type males and four L4 eat hermaphrodites were placed on an 
agar NGM plate seeded with E. coli. They were left to moult to adults and to mate 
over-night, then transferred to fresh plates, to exclude self-progeny. Adults were left on 
the second plate for 24 hours, to ensure full mating of the eat hermaphrodites and to 
allow egg-laying. After this time the adults were discarded and the FI progeny allowed 
to develop to L4 stage. Full mating was known to have taken place if a 50:50 sex ratio 
was observed and if all FI progeny were of wild-type pigmentation.
Twenty FI L4 hermaphrodites were placed alone on 20 plates for 48 hours and 
then discarded. The F2 progeny were allowed to grow to first day adulthood, at which 
point several pale (lx out-crossed) eat hermaphrodites were picked from the plates and 
cloned. These clones were then used to perform two more rounds of out-crossing. The 
3x out-crossed eat strains were then frozen.
2.6 Standard culture on NGM
Many lifespan and fertility measurements were performed on NGM plates. Plates were 
streak-seeded with E. coli OP50, incubated overnight at 37°C then kept at room 
temperature until needed. Experimental animals were placed either singly (fertility 
counts) or in populations of 10-25 (lifespan measurements) onto 35mm or 60mm 
diameter plates respectively.
2.7 Monoxenic liquid culture
Monoxenic culture of nematodes is culture in the presence of one other organism (here
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E. coli). This culture method was employed when performing quantitative dietary 
restriction (Chapters 3 and 4) and when using antioxidant drugs and free-radical 
generators (Chapters 5 and 6).
Stock solutions of OP50 in S medium were prepared in the following manner, using 
sterile technique:
1. 2 litres of minimal medium were made up and 500ml aliquots placed in four 1 
litre conical flasks sealed with aluminium foil.
2. The flasks were inoculated with single colonies of OP50, then placed in a 
shaking incubator at 37°C for 48-72 hours.
3. Once grown the OP50 solution was transferred to 250ml centrifuge pots. A 
balance was employed to ensure equal weighting of paired pots.
4. The pots were centrifuged at 6000rpm for 10 minutes at 4°C. The supernatant 
was poured off as soon as centrifugation was completed.
5. The pellet was re-suspended in S medium and step 4 repeated. The pellet was 
suspended again in 10-15ml S medium and transferred to a 15ml centrifuge tube.
Cell concentration of OP50 stock solution was determined using a Helber counter and 
an oil immersion objective microscope.. A Helber counter rather than a micrometer is 
employed when counting prokaryotic cells. The height of the reservoir beneath the 
cover slip is small enough to ensure that only a single layer of prokaryotic cells can fit 
above the grid; the micrometer is designed for counting eukaryotic cells, which are ten 
times larger than prokaryotic.
Serial dilutions of the OP50 stock solution were performed using S medium. 
Cell counts were taken at the dilution that gave 30-300 cells per grid-square to ensure 
accurate estimation of cell concentration per millilitre.
The volume of a grid square was calculated, the number of cells in 5 squares 
counted and a mean cell number per square obtained. Each grid square contains a 
volume that is one eight millionth of a ml. To obtain the cell concentration (cells/ml) of 
the OP50 stock solution, therefore, the mean cell number was multiplied by 8 million 
and the dilution factor.
The stock solution was then diluted with S medium to give the desired 
experimental cell concentration.
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2.8 Axenic liquid culture
Axenic culture is culture in the absence of other species. Axenic medium was prepared 
according to (Vanfleteren et al., 1998) (as described in Section 2.1). The medium was 
diluted and concentrated as necessary (Chapters 3 and 4) by scaling up and scaling 
down the concentrations of the components.
2.9 Synthesis of EUK-8 and EUK-134 (from Baker et al., 1998)
The bis(salicylaldehyde)ethylenediamine (salen-H2) substituted ligands are prepared by 
the addition of 1 equivalent of ethylenediamine in absolute ethanol to a solution of 2 
equivalents of the substituted aldehyde (salicylaldehyde for EUK-8, and o-vanillin for 
EUK-134) in absolute ethanol (0.05-0.2M solution). The precipitate obtained is 
filtered, washed with ethanol and air-dried to give the desired product in 79% to 96% 
yield. Structures of the ligands are confirmed by proton NMR.
One equivalent of solid manganese(II) acetate tetrahydrate is added to a stirred 
suspension of 1 equivalent of the ligand in 95% ethanol (0.025-0.03M), at ambient 
temperature or reflux, and the reaction is then stirred for 1 to 2 hours. The dark-brown 
solutions are dried under a stream of air. The crude product, a brown solid, is washed 
with acetone, filtered and air-dried. These acetate complexes are converted to the 
corresponding chlorides through treatment with an aqueous solution (0.03-0.06M) of 
the acetate, warmed to 50°C, with 5 equivalents of KC1 dissolved in distilled water. A 
brown precipitate is immediately formed. The suspension is cooled in an ice/water bath 
and then filtered; the brown solid was washed with water and acetone. All products are 
obtained as hydrates in 66% to 78% yield. Elemental analyses of the final products can 
be performed to ensure they are consistent with the reported structures. (Note: This 
procedure was performed by M. Sharpe, Institute of Neurology, UCL).
2.10 Drug application
Pharmacological and oxidative species-generating agents were applied during lifespan 
and fertility measurements (chapters 5 and 6) by addition of an appropriate volume of 
the stock solution of each drug into concentrated liquid food medium. This was then 
diluted as appropriate to ensure food concentration was kept constant between 
treatments and trials. For details of stocks and administration, see chapters 5 and 6.
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2.11 Fertility measurements
NGM
Using a platinum pick coated with E. coli OP50 (taken from a bacterial lawn), 
experimental animals were placed singly as L4’s on 35mm diameter plates and 
transferred to fresh plates daily until the end of the reproductive period (approximately 
6 days). Progeny plates were placed at 20°C for 48 hours and then larvae either counted 
immediately or placed at 4°C to impede further growth for scoring later. Larval 
progeny were counted and removed from each plate using an aspirator and a click- 
counter. Given the variability of C. elegans fertility, at least 10 broods were scored and 
mean fertility and variance estimated.
Monoxenic liquid culture
Experimental animals were placed singly as L4’s in 5mm diameter microtitre wells 
containing 50pl of bacterial cell solution. Parent worms were transferred daily until the 
end of the reproductive period. 48 hours after transfer of the parent, the progeny were 
removed from the wells using a lOOpl pipette tip and placed on 35mm diameter NGM 
plates seeded with OP50. Flushing the pipette tip with S medium after transfer, and 
examination of the well from which the progeny were pipetted under dissection 
microscope showed that at most 1 worm was lost upon transfer. Progeny were counted 
or placed at 4°C, as before.
Axenic liquid culture
Using a platinum pick with a ^lm m  hairpin bend (hook) at the tip, experimental 
animals were hooked out as L4’s from stock cultures grown up in 15mm diameter 
multi-wells containing 0.5ml axenic medium and quickly placed in microtitre wells 
containing 50 pi axenic medium. Parent worms were transferred every 48 hours and 
progeny allowed to hatch and develop for a further 48 hours before being pipetted onto 
NGM plates, as in monoxenic liquid culture. Due to the slow growth typical of worms 
kept in axenic culture, progeny plates were checked daily until some progeny had 
reached L4 stage. Progeny were then counted or stored at 4°C, as before.
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2.12 Lifespan analysis
NGM
Experimental animals were picked as L4’s and placed in populations of 10-25 onto 
NGM plates streak-seeded with OP50. Animals were transferred and survivorship 
scored daily during the reproductive period and every 2-3 days thereafter until all 
experimental animals had died. Animals were scored as dead when they failed to 
respond to gentle prodding, of approximately 30 seconds duration, in the head region.
Monoxenic liquid culture
Experimental animals were picked as L4’s and placed in populations of 20 in 15mm 
diameter microtitre wells containing 0.5ml bacterial cell solution. Animals were 
transferred and survivorship scored every day during the reproductive period and every 
2-3 days thereafter until all experimental animals had died.
Axenic culture
Using a platinum pick with a slm m  hairpin bend at the tip, experimental animals were 
hooked out as L4’s from stock cultures grown up in 15mm diameter multi-wells 
containing 0.5ml axenic medium and quickly placed in populations of 20 in fresh multi­
wells. Animals were transferred and survivorship scored every 2-3 days for the entire 
duration of each experiment. It was not deemed necessary to transfer every day during 
the reproductive period due to the negligible brood sizes and prolonged development 
times observed under axenic culture.
2.13 Preparation of microscope slides
1. 5% w/v agar was autoclaved and 1 ml aliquots placed in 2 ml Eppendorf tubes. 
Upon cooling, these were stored at 4°C.
2. To prepare the agar pads upon which experimental worms were mounted, an 
Eppendorf containing agar and several Eppendorfs containing H20  were placed in 
a 95-100°C heat block for 30-60 minutes, until the agar was fully molten.
3. One or two drops of the agar were placed onto a glass slide using a sterile glass 
pipette. The pipette was pre-heated by repeatedly flushing with heated d-H20. The 
slide had two others placed along each side, along the length of which had been 
placed a layer of tape. A fourth slide was placed over the agar drops and resting
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on the two outer slides to form a layer of agar of consistent thickness. The fourth 
slide was removed after 1-2 minutes to leave a set pad of agar.
4. 5pi of a 5% solution of isopropanol (Sigma, St. Louis, MO, USA) (a worm 
anaesthetic) was placed on the pad and up to 5 experimental animals individually 
picked from the experimental medium and placed in the solution. The slide was 
then covered with a multi-well plate lid to prevent evaporation of the anaesthetic.
5. After approximately 5 minutes the worms were anaesthetised and a coverslip 
placed on top of them to prevent desiccation and therefore minimise stress to the 
still-live animals during analysis.
2.14 Quantitative measurement of autofluorescence
Live, fully intact worms were mounted onto microscope slides in order to measure 
autofluorescence, using a compound microscope equipped with filters of various 
wavelengths and digital image capture equipment linked to Openlab-digital image 
analysis software.
Nomarski (differential interference contrast) microscopy
5-10 worms at a time were prepared for microscopy as described in 2.13. The slide was 
placed on the stage of the Leica RXA2 compound microscope and standard techniques 
used to focus the microscope on the sample, up to 20x objective.
The relevant filter cube was then inserted between the light source and the 
sample and the light source switched to UV. The exposure time was adjusted (using the 
Openlab 3.1.4 (Improvision) imaging software) to minimise glare and maximise 
visibility and definition of the fluorescent granules. Images were captured and saved 
using the Openlab software, and saved for later measurement of fluorescence.
Quantitative measurements
Measurements were taken using the free-style line capture tool of Openlab, to trace 
around the edge of the region to be measured using the mouse. Once a region had been 
delineated, selecting ‘measurements’ from the drop down menu automatically resulted 
in the minimum, maximum and mean fluorescence of the entire captured region being 
given in pixels.
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2.15 Molecular genetics
Genomic DNA preparation
Lysis buffer was prepared in sterile water, autoclaved and stored at -20°C: 
50mM KC1 
lOmM Tris (pH 8.3)
2.5mM MgCl2 
0.45% Nonidet P-40 per ml 
0.45% Tween 20 
0.01% gelatin
Just prior to use, proteinase K was added at 60pg
8-10 worms were placed onto an OP50-free plate and allowed to crawl away from the 
bacteria transferred along with them. The worms were then added to lOpl of lysis buffer 
in the lid of a PCR tube. The lid was placed onto the PCR tube and the droplet spun to 
the bottom in a microcentrifuge (5 second spin). The tube was left at -70°C for ten 
minutes in order for lysis to occur, and then placed in a PCR machine using the 
following cycle:
60°C 1 hour 
95°C 15 minutes 
4°C hold
Samples were stored at -20°C until needed for PCR.
Gene amplification
Mac Vector version 7.1.1 was used to design the following primer sequences (blue 
letters denote the restriction enzyme sequences):
Catalase 1
ctl-1 
5’ XbaI 
3’ Kpnl 
Catalase 2 
ctl-2 
5’ XbaI 
3’ Agel 
Catalase 3 
ctl-3 
5’ Pst-1 
3’ Kpnl
5’ GCT CTA GA C AAA CTT TTG TAT ATA GAA TCT CG 3’ 
5’ GGG GTA CCG GAT GCT TCT TCT GGC AGA GCT GA 3’
5’ GCT CTA GAC AAT AGT CAC AAA ATT TTT TGG CC 3’
5’ CGG CCA TGG CCA GGG ATA TGA GAG CGA GCC TGT TTC TGG 3’
5’ AAC TGC AGC GAT GAC ACT GGC TCC CTC ATA TTC ACA AAT GG 3’ 
5’ GGG GTA CCG GAT GCT TCT TCT GGC AGA GCT GA 3’
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Superoxide dismutase 1
sod-1
5’ Hindlll 5’ CCC AAG CTT GCC AGC TGA GCA AAC AGG AG 3’
3’ Kpnl 5’ GGG GTA CCC CCT GGG GAG CAG CGA GAG CAA TGA CAC C 3’
Superoxide dismutase 2
sod-2
5’ Sphl 5’ ACA TGC ATG CTG AAT CCT ACG GAA AGT GCC 3’
3’ Kpnl 5’ GGG GTA CCC CTT GCT GTG CCT TTG CAA AAC G 3’
Superoxide dismutase 3 
sod-3
5’ Sphl 5’ ACA TGC ATG CAG TTT TTC ATT TTC GGT ATC GAA AAC C 3’
3’ Kpnl 5’ GGG GTA CCG GTT GTC GAG CAT TGG CAA ATC TCT CG 3’
Superoxide dismutase 4 
sod-4
5’ Sphl 5’ ACA TGC ATG CGG AAA GGG TTT AAA ACT ACT CCT ATG TTG CC 3’
3’ BamHI 5’ GGG GAT CCG ACG GTA CCT GTC AAA CAG ATT ATA TG 3’
Superoxide dismutase 5 
sod-5
5’ Sphl 5’ ACA TGC ATG CGG TTG AGT TTA TTT GAC TTT TGG 3’
3’ Kpnl 5’ GGG GTA CCC CTG CAG GAG CGG CAA GAG CAA TGA CTC C 3’
Amplification was performed by adding the following to a 200pi PCR tube:
15jxl 2x ReddyMix (AbGene) containing 1.5mM MgCl2
11.5 pi sterile dH20
2.5\il DNA
lptl of each primer
Samples were then cycled in a PCR machine using various cycles, depending upon the 
gene to be amplified.
Samples were stored at -20°C until needed.
Agarose gel electrophoresis
In order to view DNA amplification products of PCR, the entire 30pl sample was run on 
an agarose gel beside a 12Kb DNA ladder. 0.7-1.0% agarose was prepared in lxTBE. 
To stain the gel 1 pil of lOmg/ml ethidium bromide (Sigma, St. Louis, MO, USA) was 
added per 100ml gel. The gel was poured into the gel mould to the indicated level and 
allowed to set, using the appropriate comb to create the required number of wells.
The gel was then loaded with:
lOpl 12Kb DNA ladder (AbGene, Epsom, Surrey, UK)
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25 (xl PCR sample
Gels were run at 80V for approximately 30 minutes, then sample bands were viewed 
using a UV trans-illuminator. If the correct sized band was obtained it was carefully cut 
from the gel and purified using the QIAquick gel extraction kit (Qiagen GmbH, Hilden, 
Germany).
2.16 Statistics employed
Survival analysis
The probability that survival curves were significantly different from the control was 
determined by performing pair-wise comparisons using the Log-rank test. Kaplan- 
Meier survival analyses were performed and Log-rank probability values obtained using 
the statistical software JMP version 5.0.
The Log-rank rather than the Wilcoxon test was employed because the Log- 
rank test gives greater weight to the left hand side of the survival curve and is a more 
conservative test, therefore. The Wilcoxon test gives equal weight across the survival 
curve, which may lead to erroneous significance being placed on differences caused by 
abnormally long survival of a small number of subjects.
Fertility measurements
The probability that fertility counts were significantly different from the control was 
determined using the Student’s t test. Comparisons were performed using Microsoft 
Excel X for Mac version 1.
ANOVA and Tukey’s honest significant difference test were performed to test 
for differences between groups in the absence of a clear control, i.e. when the effect of 
dilute bacterial food on lifespan was being determined (Section 3.3). Analyses were 
performed using JMP version 5.0.
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3.0 Introduction
Dietary restriction (DR) has been shown to extend lifespan in a great number of species, 
including C. elegans (see Section 1.2). The mechanism by which it does so remains 
obscure. Levels of DR that result in large increases in lifespan usually also result in a 
partial or complete loss of reproduction. This has led to the proposal that these 
responses to DR represent an adaptation to increase fitness given variable food 
availability and that increased lifespan under DR is due to the diversion of resources 
from reproductive output to somatic maintenance (Masoro and Austad, 1996).
It is becoming increasingly apparent that the insulin/IGF-like (IIF) signalling 
pathway plays a central role in ageing. Mutations affecting this pathway lead to 
substantial increases in longevity of flies, nematodes and mice (for review, see Tatar et 
al., 2003). Because mammalian insulin signalling mediates the response to nutritional 
changes, it has has been proposed that the IIF pathway mediates lifespan extension and 
via DR (Gems and Partridge, 2001; Kimura et al., 1997). As such IIF signalling could 
be responsible for mediating the proposed somatic maintenance/reproduction trade-off 
observed under DR (Partridge and Gems, 2002).
Several studies investigating the interaction between IIF signalling, DR and 
reproduction have been reported, wherein the magnitude of the effect of each treatment 
separately is compared with that when two or more are combined (Bartke et al., 2001; 
Houthoofd et al., 2003; Lakowski and Hekimi, 1998; Vanfleteren and De Vreese, 
1995). All of these studies found that DR increases the lifespan of IIF mutants, and 
therefore concluded that DR and IIF signalling act on different determinants of ageing.
One problem with these studies is that the additive effects on lifespan of DR and 
IIF mutants may be due to the fact that the treatments used do not extend lifespan to the 
maximum that is possible for that treatment. This is important, since combination of 
two treatments, each of which partially induce a response via the same mechanism may 
result in an additive increase in magnitude of that response. Thus, in the absence of 
maximisation of individual treatments, such additivity tests are difficult to interpret 
(Gems et al., 2002). In C. elegans the IIF signalling mutant most frequently used when 
performing interaction studies is the canonical daf-2(el370) allele (Houthoofd et al., 
2003; Lakowski and Hekimi, 1998). Lifespan extension via IIF signalling mutation is 
not maximised by this mutation, as several daf-2 alleles that increase median and
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maximum lifespan to a greater degree than daf-2(el370) have been described (Gems et 
al., 1998).
Null mutations in daf-2 result in embryonic lethality or early larval arrest, while 
less severe mutant alleles result in a temperature sensitive dauer formation constitutive 
(Daf-c) phenotype (Gems et al., 1998). Numerous hypomorphic daf-2 IIF signalling 
mutants are available. These fall into two classes: Class I alleles are often but not 
always less severe, and are Daf-c, Age and intrinsically thermotolerant (Itt). More 
severe class II alleles show greater extension in lifespan but have other pleiotropic 
effects including reduced feeding (are Eat) and unco-ordinated movement (are Unc). 
Both of these phenotypes may in themselves affect lifespan (Ailion et al., 1999; Gems 
and Riddle, 2000b; Hekimi et al., 1998; Munoz and Riddle, 2003). In light of this, to be 
interpretable, interaction studies should ideally utilise class I mutants (Gems et al., 
2002).
Similarly in reports of C. elegans DR it is not always clear that DR-mediated 
lifespan extension has been maximised (Lakowski and Hekimi, 1998) or even, in some 
cases, that the DR treatment used is in fact extending lifespan via reduced nutrition 
(Houthoofd et al., 2003; Vanfleteren and De Vreese, 1995).
Lakowski & Hekimi (1998) claim to have demonstrated that DR and IIF 
signalling affect ageing via different mechanisms using an eat-2(ad465);daf-2(el370) 
double mutant, eat mutations cause neuronal and muscular defects that result in 
impaired pharyngeal pumping, or the Eat phenotype (Avery, 1993) and some eat mutant 
alleles have increased longevity, presumably due to DR (Lakowski and Hekimi, 1998). 
Of the eat mutants for which lifespan was determined, eat-2(ad465) did not show the 
maximum increase in mean lifespan: eat-2(ad465) showed a 29% increase relative to 
wild-type, while eat-2(adlll6) increased lifespan by almost twice as much in the same 
trial by 57% (Lakowski and Hekimi, 1998). Thus, in the case of both daf-2(el370) (a 
non-null allele) and eat-2(ad465) the mechanism of life extension may be only partially 
induced. Consequently, the inference from additivity that different mechanisms are 
involved is potentially incorrect. More recently an analogous additivity study was 
performed on lifespan in mice where long-lived Ames dwarf mice were subjected to 
dietary restriction (Bartke et al., 2001). Again, an additive effect on lifespan was 
observed, from which it was inferred that the Ames mutation and DR act via distinct 
mechanisms -  an inference which was subsequently challenged (Bartke et al., 2002; 
Clancy et al., 2002b).
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The other method of DR used in C. elegans interaction studies involves culture 
in a semi-defined liquid medium (without E. coli), or axenic culture (Vanfleteren et al., 
1998). While axenic culture results in substantial increases in wild-type lifespan 
relative to those observed on agar plates seeded with E. coli, it is not clear that this is 
due to reduced nutrition (Braeckman et al., 2000). This is discussed further in chapter 
four.
One IEF/DR interaction study has been published in which lifespan extension via 
one of the treatments under investigation has been maximised. The Drosophila insulin- 
receptor substrate (IRS) mutant chico1 produces long-lived dwarf females when 
maintained on standard Drosophila SY (sugar-yeast) medium (Clancy et al., 2001). 
DR in Drosophila by dilution of the food medium results in extension of lifespan the 
magnitude of which depends upon the degree of dilution. That DR-mediated lifespan in 
control and chico flies had been maximised was ensured by measuring lifespan across a 
range of food dilutions. It was found that, under DR, control and mutant flies achieved 
peak mean lifespan of the same magnitude but at different food concentrations. 
Lifespan of control female flies peaked at a concentration that was 65% of normal SY, 
whereas chico1 peaked at 80%. Thus, chico1 flies behave as if they are already to some 
extent subjected to DR. This implies that IIF signalling and DR in Drosophila mediate 
lifespan extension via over-lapping mechanisms (Clancy et al., 2002a), the opposite 
inference to that drawn from the C. elegans and mouse studies described above.
The initial aim of the work in this chapter was to establish a method of DR in C. 
elegans that is easy to perform, can be imposed quantitatively (i.e. that varying nutrition 
increases or reduces lifespan and reproduction) and that causes a maximal increase in 
lifespan. The intention was to then perform interaction studies with lifespan extension 
via at least one of the treatments under investigation being maximal. Four different 
methods of performing DR in C. elegans have been reported, and their suitability for 
quantitative studies of DR investigated in turn. These tests showed that none of the four 
methods are entirely suitable for such studies.
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3.1 DR using tat mutants
The first method to be tested was the use of feeding defective eat mutants. These have 
the advantage that nematodes bearing eat mutations alone or in combination with IIF 
signalling mutations may readily be compared under standard NGM plate culture 
conditions. A disadvantage is that it is more difficult to apply DR in a controlled 
quantitative fashion using eat mutants. However, use of a range of eat mutants with 
differing degrees of life extension and reduction in fertility could achieve this end.
3.1.1 Methods
All lifespan and fertility analyses were performed on agar NGM seeded with E. coli, at 
20°C except where indicated.
Three eat mutant alleles were selected which had previously been shown to 
cause the greatest mean lifespan increases relative to other eat strains when out-crossed 
(Lakowski and Hekimi, 1998). These were DAI 116 eat-2(adlll6), DA467 eat- 
6(ad467) and DA531 eat-l(ad427). When out-crossed, relative to wild-type they cause 
57%, 37% and 33% increases in mean lifespan respectively (Lakowski and Hekimi, 
1998).
3.1.2 Out-crossing eat mutants to wild-type
Given the existence in different laboratories of variants of the standard N2 wild-type 
(the background for almost all C. elegans mutants) with large differences in lifespan 
(Gems and Riddle, 2000a) it is important to cross them into the same wild-type genetic 
background to eliminate genetic background variation. Each eat mutant strain was 
therefore out-crossed three times to the wild-type strain N2, as outlined in Section 2.6.
eat mutant brood sizes were then determined, and compared to wild-type. While 
the mean lifespan of the laboratory maintained N2 strain that was used for out-crossing 
was comparable to previously reported values (Gems and Riddle, 1995), (Table 3.1.1, 
Figure 3.1.1]), the fertility of this strain was reduced. Wild-type unmated C. elegans 
hermaphrodites typically produce a total of 300 progeny (Gems and Riddle, 2000a), 
while here a wild-type brood size of 221±11 was observed (Table 3.1.2, Figure 3.1.2).
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Table 3.1.1: Lifespan of N2 GA and eat mutant C. elegans
Strain Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
control 
(med.)
Upper
95%
N C P
N2 GA 17.2±1.0 18 - 19 35 5 -
eat-1 18.1±1.7 18 0 25 23 16 0.2650
eat-2 18.6±1.9 19 +6 25 25 11 0.0970
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test).
Figure 3.1.1: Lifespan of N2 GA and eat mutant C. elegans
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Table 3.1.2: Brood size of N2 GA and eat mutant C. elegans
N2 GA eat-1 eat-2
Mean (±S.E.) 221±11 155±3 134±6
N 35 24 26
P - <0.0001 <0.0001
S.E.= standard error of the mean; N = number of broods counted; P = probability that brood size is 
significantly different from the control (one-tailed Student’s t test)
Figure 3.1.2: Brood size of N2 GA and eat mutant C. elegans
250 -I------------------------------------------------------------------------------------------
200  -
N2 GA eat-1 (ad427) eat-2(ad1 7 7 6)
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It is likely that during multiple serial passaging of N2 stocks in the laboratory a 
spontaneous mutation or mutations occured that caused reduced brood (Gems and 
Riddle, 2000a). This illustrates further the risk of the emergence of altered N2 lines in 
the laboratory. This laboratory evolved strain was designated N2 GA.
Clearly, the eat mutant strains back-crossed into an N2 GA background could 
not be used for further lifespan and fertility analysis, because of potential confounding 
effects of background. Out-crossing three times to wild-type was repeated, using a new 
cultivar of N2, the CGC male stock. To reduce the probability of fixation of 
spontaneous mutations, eat mutant and wild-type strains were subsequently propagated 
by removing a 1cm2 chunk of agar from a densely populated plate (but not yet starved), 
and placing this chunk onto a fresh plate. Unfortunately propagating eat mutant strains 
in this way led to increased frequency of wild-type revertants. This may have been due 
to occurrence of spontaneous suppressor mutants which then out-competed the slow 
growing eat mutant worms. To avoid this problem eat strains were propagated by 
transfer of ten phenotypically Eat (i.e. pale-bodied) hermaphrodites to fresh plates, eat 
strains were replaced with frozen stocks every few months to avoid fixation of any 
spontaneous mutations which might occur due to passaging.
3.1.3 Lifespans of eat mutants
The effect of eat mutations on lifespan was determined using N2 CGCM and eat strains 
out-crossed three times into this background. As before, eat-2 proved to be 
significantly longer lived than wild-type (P = 0.018) while eat-1 did not (Table 3.1.3, 
Figure 3.1.3) (the eat-6 strain became contaminated in this trial). This is a far weaker 
effect of eat-1 and eat-2 than previously reported (Lakowski and Hekimi, 1998). It 
was hypothesised that this might be due to the effect of out-crossing.
3.1.4 Effect of out-crossing on eat mutant lifespan
The difference between the effects of eat-1 and eat-6 seen here, and reported by 
Lakowski and Hekimi (1998) could possibly reflect the use of an unrepresentatively 
short-lived wild-type control in the 1998 study. Yet, this does not seem very likely, 
since Lakowski and Hekimi (1998) observed similar high magnitude lifespan increases 
in both non-out-crossed and out-crossed eat strains. Yet it remains conceivable that 
variation in the wild-type genetic background into which eat strains are out-crossed 
affects the ability of the eat
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Table 3.1.3: Lifespan of N2 CGCM and eat mutant C. elegans
Strain Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
control 
(med.)
Upper
95%
N C P
N2 CGCM 21.9±0.5 22 - 24 54 7 -
eat-l(ad427) 21.8±0.9 21 -5 24 30 31 0.4424
eat-2(ad!116) 24.1 ±0.8 24 +9 27 18 13 0.0108
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test).
Figure 3.1.3: Lifespan of N2 CGCM and eat mutant C. elegans
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mutation to extend lifespan. In other words, it might be that the strains used by 
(Lakowski and Hekimi, 1998) are long-lived. An alternative explanation is that 
differences in the way trials were conducted in London and Montreal affected whether 
eat mutants are long-lived. To distinguish these possibilities, two trials were conducted 
to compare lifespan in both non-out-crossed and out-crossed mutant strains.
In the first trial non-out-crossed eat-2 significantly increased lifespan relative to 
the control (P = 0.0006) while out-crossed eat-2 showed a tendency to increased 
lifespan that was not significant (Table 3.1.4, Figure 3.1.4). Non-out-crossed eat-6 and 
eat-1 significantly decreased lifespan relative to the control (P = 0.0199, P = 0.0017 
respectively). Out-crossed eat-6 and eat-1 had no effect on lifespan relative to the 
control, but both were significantly long-lived relative to non-out-crossed eat-6 and eat- 
1 strains (P = 0.0013, P = <0.0001 respectively; Table 3.1.4, Figure 3.1.4).
In the second trial, both non-out-crossed and out-crossed eat-2 strains showed a 
small but significant increase in lifespan relative to the control (P <0.0001), similar to 
the first trial. Non-out-crossed eat-6 and eat-1 showed no increase in lifespan relative to 
the control in the second trial, while out-crossed eat-6 and eat-1 showed significant 
decreases both relative to the control (P = 0.0009, P <0.0001 respectively) and non-out- 
crossed eat-6 and eat-1 (P = 0.0008, P = 0.0003 respectively). Thus, in the first trial 
only the non-out-crossed eat-1 and eat-6 strains were short-lived, while in the second 
trial only the out-crossed equivalents were short-lived. This inconsistency is hard to 
interpret. However, what is striking is that neither showed any increase in lifespan, in 
contrast to the report of Lakowski and Hekimi (1998).
Overall, these results indicate that eat-l(ad427) and eat-6(ad467) do not 
increase lifespan under standard conditions, while eat-2(adlll6) does, although to a 
lesser extent than described by Lakowski and Hekimi (1998). They also suggest that 
this discrepancy is not an artefact of the use of strains with different genetic 
backgrounds. Next further factors which might explain these discrepancies are 
explored.
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Table 3.1.4: Lifespan of non-out-crossed and out-crossed eat mutant C. elegans
Strain Mean l.s. 
(days) 
(±SE)
Median
l.s.
(days)
% diff. 
from N2 
(med.)
% diff. 
from un- 
outcrossed
Upper
95%
N C P7 P2
N2CGCM 22.0±1.0 21 - - 23 57 79 - -
eat-2(ad,1116) * 27.4±1.3 25 +19 - 30 25 107 0.0006 -
eat-6(ad467) * 19.4±0.9 20 -5 - 20 45 98 0.0199 -
eat-l(ad427) * 18.1±0.6 18 -14 - 20 36 86 0.0017 -
eat-2(adlll6) ** 24.3±1.3 26 +23 +4 29 17 87 0.1963 0.0575
eat-6(ad467) ** 22.8±0.7 23 +10 +15 25 65 80 0.6062 0.0013
eat-l(ad427) *’ 22.9±0.6 23 +10 +28 25 47 94 0.5702 <0.0001
* = non-out-crossed strains; ** = out-crossed strains; l.s. = lifespan; S.E.= standard error of the mean; N = 
number of animals dying from senescent death; C = number of animals censored; PI = probability that 
survival curve is significantly different from that of N2 CGCM; P2 = probability that survival curve is 
different from that of non-outcrossed strain control (Log-rank test)
Figure 3.1.4: Lifespan of non-out-crossed and out-crossed eat mutant C. elegans.
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Table 3.1.5; Lifespan of non-out-crossed and out-crossed eat mutant C. elegans.
Strain Mean l.s. 
(days) 
(±SE)
Median
l.s.
(days)
% diff. 
from N2
(med.)
% diff. 
from un- 
out- 
crossed
Upper
95%
N C P7 P2
N2CGCM 19.9±0.4 21 - - 21 74 25 - -
eat-2(adl 116) * 23.0±0.5 23 +10 - 26 70 30 <0.0001 -
eat-6(ad467) * 20.1 ±0.4 19 -10 - 21 73 27 0.7601 -
eat-l(ad427) * 18.9±0.4 21 0 - 21 74 26 0.2490 -
eat-2(adl 116) ** 22.5±0.4 23 +10 0 23 79 19 <0.0001 0.2910
eat-6(ad467) ** 17.7±0.4 17 -19 -11 ND 13 62 0.0009 0.0008
eat-l(ad427) ** 17.0±0.4 17 -19 -19 ND 25 19 <0.0001 0.0003
* = non-out-crossed strains; ** = out-crossed strains; l.s. = lifespan; S.E.= standard error of the mean; N = 
number of animals dying from senescent death; C = number of animals censored; ND = no data available 
due to mould contamination; PI = probability that survival curve is significantly different from that of N2 
CGCM; P2 = probability that survival curve is different from that of un-out-crossed strain control (Log- 
rank test)
Figure 3.1.5: Lifespan of non-out-crossed and out-crossed eat mutant C. elegans.
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3.1.5 Effect of eat mutations on development time
It was reported previously that eat mutants confer high magnitude lifespan extension in 
both non-out-crossed and out-crossed strains, though the data for the former was not 
shown (Lakowski and Hekimi, 1998). However, Bernard Lakowski measured lifespan 
from eggs/Ll, whereas in this study lifespan was measured from the fourth L4 larval 
stage, taking L4= day 0 of adult lifespan. Lifespan is usually expressed from L4, since 
an increase in lifespan resulting from delayed development alone is not informative 
with respect to ageing. Potentially, the greater effects of eat mutations on lifespan 
reported by Lakowski and Hekimi (1998) is due to the effects of delayed development. 
To test this, time to reproductive maturity in eat mutants was measured.
Following a brief egg-laying period, time to reproductive maturity was taken to 
be the number of hours between eggs being laid to appearance of first eggs in the next 
generation. Young adult hermaphrodites of each strain were allowed to lay for two 
hours and then discarded. Observations were then made every eight hours to check for 
the appearance of eggs. Time to reproductive maturity in eat strains is compared to that 
for N2 CGCM and between non-out-crossed and out-crossed eat strains.
Time to reproductive maturity is significantly greater than N2 CGCM for all eat 
strains, both non-out-crossed and out-crossed, except for out-crossed eat-6, which 
shows a significant decrease (Table 3.1.6, Figure 3.1.6). There is no difference in time 
to reproductive maturity between un-out-crossed and out-crossed eat-2 mutants. 
However, both out-crossed eat-6 and eat-1 mutant strains show significant decreases in 
time to reproductive maturity, relative to the non-out-crossed strains (P <0.0001, P = 
0.0003 respectively; Table 3.1.6, Figure 3.1.6).
Although development time is greater in eat mutants, its magnitude cannot 
account for the greater longevity reported by Lakowski and Hekimi (1998). For 
example, the largest increase seen in eat mutant lifespan here was eat-2 (table 3.1.4), 
where mean lifespan was 27.4 days, compared to 22 days in N2, an increase of 25%. 
Adding the development time (table 3.1.6) gives values of 25 days and 31 days for N2 
and eat-2, respectively, an increase in eat-2 lifespan of 24%. This compares to 
increases in mean eat-2 lifespan of 57% described by Lakowski and Hekimi (1998). 
Thus it seems more likely that differences in culture conditions, that are not clear from 
the materials and methods section of the Lakowski and Hekimi (1998) paper, account 
for the discrepancies with UCL results.
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Table 3.1.6: Time to reproductive maturity in non-out-crossed and out-crossed eat mutant strains
N2 CGCM eat-2 * eat-1 * eat-6 * eat-2 ** eat-1 ** eat-6 **
Mean±S.E. 71.2±0.8 86.6±1.3 135.8±2.6 75.2±1.8 86.5±1.4 87.7+1.1 68.3+0.7
% diff. 1 - +22 +91 +6 +21 +23 -4
% diff. 2 - - - - 0 -35 -9
P 1 - <0.0001 <0.0001 0.0208 <0.0001 <0.0001 0.0045
P 2 - - - - 0.4808 <0.0001 0.0003
N 50 47 35 47 44 48 48
* = non-out-erossed strains; ** = out-crossed strains; l.s. = lifespan; S.E.= standard error of the mean; N = 
number of animals used; % diff. 1 = % difference from N2 control; % diff. 2 = % difference from non- 
out-crossed eat strain; P 1 = probability that time to reproductive maturity is significantly different from 
that of N2 CGCM; P2 = probability that time to reproductive maturity is different from that of non-out- 
crossed strain (Student’s rtest)
Figure 3.1.6: Time to reproductive maturity in non-out-crossed and out-crossed eat mutant strains
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3.1.6 Effect of liquid culture on eat mutant lifespan
One possibility is that some difference in culture methods employed by Lakowski and 
Hekimi (1998) led to enhancement of DR by eat mutants. To explore this eat mutant 
lifespan was measured in monoxenic liquid culture, using two concentrations of E. coli, 
and an NGM agar control. Similar results were obtained in two trials (Table 3.1.7, Figure 
3.1.7, Figure 3.1.8; Table 3.1.8, Figure 3.1.9, Figure 3.1.10). In contrast to NGM plate 
culture, eat-1 and eat-6 significantly increased lifespan in liquid culture. This increase 
was greater at lower concentrations of E. coli (Figure 3.1.8, Figure 3.1.10). It is worth 
commenting that additivity of this type could be used as an argument (clearly erroneous) 
that eat mutations and E. coli dilution extend lifespan via distinct mechanisms. By 
contrast, much smaller increases in lifespan were seen in eat-2 mutants in response to 
monoxenic liquid culture (Figure 3.1.8, Figure 3.1.10). This could imply that the effects 
of DR are almost maximised in the eat-2 mutant on NGM plates, whereas it is latent in 
eat-1 and eat-6 mutants on plates.
Overall, these results show much weaker effects on ageing of eat mutations than 
reported by Lakowski and Hekimi (1998). Increased lifespan was seen in eat-2(adlll6), 
but of a lower magnitude than previously reported -  here at most a 25% increase in mean 
lifespan compared to up to a 57% increase reported by Lakowski and Hekimi (1998). 
eat-l(ad427) and eat-6(ad467) did not increase lifespan under standard NGM conditions. 
The fact that these latter mutants increased lifespan in liquid culture suggests that in the 
Lakowski and Hekimi (1998) study plate culture was performed in such a way as to exert 
additional dietary restriction. Notably, researchers in several other labs saw little effect 
of eat mutations on lifespan (H. Tissenbaum, pers. comm., T. Johnson, pers. comm., N. 
Tavemavakis, pers. comm.), or in the case of eat-2(adlll6) a small but significant effect 
(C. Kenyon, pers. comm.). The properties of eat mutants described here means that use 
of a range of eat mutants is not a suitable means to impose DR in a quantitative fashion. 
The fact that eat-2 extends lifespan while eat-1 and eat-6 do not also raises the concern 
that the increased lifespan of eat-2 might be a pleiotropic consequence of the a d lll6  
mutation unrelated to the feeding defect. However, eat-1 and eat-6 mutations did extend 
lifespan in liquid culture in a manner that was dependent on E. coli concentration. Thus, 
the combined use of eat-l(ad427) or eat-6(ad467) and bacterial dilution in liquid culture 
is a novel and potentially useful method for exerting DR in a quantitative fashion.
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Table 3.1.7; Lifespans of eat mutants in liquid culture
Strain, E. coli 
conc. 
(cells/ml)
Mean l.s. 
(days) 
(±SE)
Median
l.s.
(days)
% diff. 
from N2 
(med.)
% diff. 
from 
NGM
Upper
95%
N C P7 P2
N2 NGM 19.8±0.4 21 - - 21 86 14 - -
N2 1X108 22.3±0.4 21 ■ 0 24 78 21 - 0.0005
N2 1X10 9 15.9±0.4 16 - -24 16 80 20 - <0.0001
eat-1 NGM 19.5±0.5 18 -14 - 20 89 12 0.8129 -
eat-1 lxlO8 24.2±0.6 25 +19 +39 25 74 24 0.0064 <0.0001
eat-1 lxlO9 21.0±0.6 23 +44 +28 23 67 25 <0.0001 0.0647
eat-2 NGM 26.7±0.5 28 +33 - 28 82 16 <0.0001 -
eat-2 lxlO8 27.8±0.6 30 +43 +7 30 69 23 <0.0001 0.1182
eat-2 lxlO9 26.3±0.5 28 +75 0 28 76 18 <0.0001 0.3377
eat-6 NGM 21.7±1.0 20 -5 - 23 49 11 0.0669 -
eat-6 lxlO8 26.4±0.6 28 +33 +40 28 74 22 <0.0001 0.0018
eat-6 lxlO9 23.9±0.5 23 +44 +15 25 77 23 <0.0001 0.2962
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P 1 = probability that survival curve is significantly different from that of N2 
CGCM under same nutrition; P2 = probability that survival curve is different from that of same strain on 
NGM (Log-rank test)
Figure 3.1.7: Lifespans of eat mutants in liquid culture
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Figure 3.1.8: Difference in eat mutant lifespan in liquid culture compared to on NGM plates
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Table 3.1.8: Lifespans of eat mutants in liquid culture
Strain, E. coli 
conc. 
(cells/ml)
Mean l.s. 
(days) 
(±SE)
Median
l.s.
(days)
% diff. 
from N2 
(med.)
% diff. 
from 
NGM
Upper
95%
N C PI P2
N2 NGM 19.3±0.4 20 - - 20 86 14 - -
N2 1X108 21.5±0.4 20 - 0 23 78 21 - 0.0008
N2 1X10 9 15.8±0.4 16 - -20 16 80 20 - <0.0001
eat-1 NGM 19.4±0.5 18 -10 - 20 89 12 0.4961 -
eat-1 lxlO8 24.0±0.6 25 +25 +39 25 74 24 0.0002 <0.0001
eat-1 lxlO9 20.7±0.6 22 +38 +22 24 67 25 <0.0001 0.1028
eat-2 NGM 26.6±0.5 28 +40 - 28 82 16 <0.0001 -
eat-2 lxlO8 27.7±0.7 30 +50 +7 30 69 23 <0.0001 0.1182
eat-2 lxlO9 26.1 ±0.5 28 +57 0 28 76 18 <0.0001 0.3134
eat-6 NGM 21.2±0.8 20 0 - 22 73 28 0.0122 -
eat-6 lxlO8 26.1 ±0.6 28 +40 +40 28 74 22 <0.0001 0.0002
eat-6 lxlO9 23.7±0.5 22 +38 +10 25 77 23 <0.0001 0.1044
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P 1 = probability that survival curve is significantly different from that of N2 
CGCM under same nutrition; P2 = probability that survival curve is different from that of same strain on 
NGM (Log-rank test)
Figure 3.1.9: Lifespans of eat mutants in liquid culture
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Figure 3.1.10: Difference in eat mutant lifespan in liquid culture compared to on NGM plates
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3.2 DR by reducing bacterial density on NGM plates
NGM agar contains 2.4g/l bactopeptone, which provides nutrients for bacterial growth. 
Reducing the concentration of bactopeptone in the agar reduces the final density of E. 
coli available for nematodes to eat. Reduction of bactopeptone was used previously as 
a means of applying DR to C. elegans (Hosono et al., 1989). Potentially, this method 
has the advantage of being able to work on agar plates without the requirement of 
mutations such as eat-2. DR via environmental rather than genetic manipulation is 
preferable because undetectable pleiotropic or genetic background effects cannot be 
excluded in the latter case. Nor does it seem likely that DR-mediated lifespan can be 
maximised by genetic means.
3.2.1 Methods and results
Experiments were conducted at 20°C, starting from L4 stage (L4=day 0). Treatment 
plates were seeded with E. coli OP50 on the day prior to use, left to grow over-night at 
37.5°C, then allowed to cool to room temperature and stored at 4°C until use.
Preliminary trials were conducted to optimise bactopeptone concentration. In 
the first trial, E. coli was grown on plates with bactopeptone concentrations of 0.2g/l, 
0.3g/l, 0.8g/l and 2.0g/l, and lifespans at these concentrations determined. No increases 
in lifespan were seen (data not shown). The first trial to show increases in lifespan was 
conducted using bactopeptone concentrations of 0.005g/l, 0.1g/l and 0.05 g/1, resulting 
in 16%, 5% and 21% increases respectively relative to 2.5g/l bactopeptone. All 
increases were significant (Table 3.2.1, Figure 3.2.1).
These increases in lifespan are small in comparison to those observed by 
Hosono et al. (1989). They reported lifespan increases of approximately 32%, 27% and 
23% relative to the 2.5g/l control, for 0.005g/l, 0.01 g/1 and 0.5g/l respectively. 
Moreover, in the present study lifespan did not vary inversely with food concentration. 
For this reason a precise replication of the method outlined in Hosono et al. (1989) was 
performed: Worms were raised and lifespan measured at 15°C, from L4 stage (L4=day 
0). Each plate was spread seeded rather than streak-seeded with 0.1ml E. coli OP50 
prior to use, then incubated overnight at 37°C. This resulted in the entire surface of the 
plate being covered with a bacterial lawn: Streak seeding of plates results in an S 
shaped lawn in the centre of each plate only. This might explain the extensive loss of 
worms due to their crawling up the walls of the Petri dish that was observed in earlier 
trials.
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Table 3.2.1: Effect of reduced bacterial density on lifespan of wild-type C. elegans.
Bactopeptone 
conc. (g/1)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
N2 (med.)
Upper 95% N C P
2.5 18.6±0.6 19 - 20 34 4 -
0.005 22.5±2.0 22 +16 28 13 26 0.0185
0.01 20.1±1.3 20 +5 23 18 23 0.0378
0.05 22.7±1.0 23 4-21 24 21 19 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 3.2.1: Effect of reduced bacterial density on lifespan of wild-type C. elegans.
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Table 3.2.2: Effect of reduced bacterial density on lifespan of wild-type C. elegans.
Bactopeptone 
conc. (g/1)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
N2 (med.)
Upper 95% N C P
2.5 24.4±0.5 25 - 27 108 21 -
0.06 24.2±0.5 25 0 27 119 19 0.0652
0.006 27.4±0.5 28 +12 29 118 27 0.0221
0.0006 28.6±0.5 29 +16 30 163 33 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 3.2.2: Effect of reduced bacterial density on lifespan of wild-type C. elegans.
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Bactopeptone concentrations of 0.06g/l, 0.006g/l and 0.0006g/l were used in the second 
trial (Table 3.2.2, Figure 3.2.2). 0.006g/l and 0.0006g/l led to small but significant 
increases in lifespan of 12% and 16% respectively (P = 0.0221, P <0.0001). This more 
precise repetition of the method as described by Hosono et al. (1989) did not result in 
increases in lifespan of the magnitude that they observed. However, the lifespan 
increases were proportional to the decrease in food availability
3.2.3 Conclusion
Daily transfer of all worms to fresh plates proved necessary to avoid wall-crawling and 
subsequent loss of a high proportion of worms. This would make performance of 
interaction studies using several IIF-signalling mutant strains over a range of 
bactopeptone concentrations tedious. Furthermore, the increases in lifespan observed 
are of a relatively low magnitude, such that it seems unlikely this method can be used to 
maximise lifespan extension via DR.
3.3 DR by bacterial dilution in liquid culture
Reducing bacterial cell concentration in liquid culture has been shown to increase 
lifespan in wild-type worms (Klass, 1977). Furthermore, different optima for lifespan 
and brood size were reported: A key feature of DR is that fertility is reduced at low 
levels of nutrition that are optimal for lifespan, while lifespan is reduced at higher levels 
of nutrition at which fertility is optimal. This demonstrates that increased lifespan 
resulting from reduced food levels is not merely a consequence of alleviation of 
noxiously high concentrations of food. Rather, it is consistent with the occurrence of a 
trade-off between nutrient investment in maintenance of somatic tissues (increased 
lifespan) and in fertility (increased brood size). These results, as reported by Klass 
(1977) are illustrated in Figure 3.3.1. While plate culture method was preferable for the 
planned DR studies, for reasons of comparability with published mutant lifespan data, 
bacterial dilution in liquid culture appeared a good method for exerting DR 
quantitatively.
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Figure 3.3.1: Effect of dilution of bacterial food source on lifespan and fertility in C. elegans, as 
reported in (Klass, 1977)
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3.3.1 Methods and results
E. coli OP50 were grown up in 500mls of minimal medium at 37°C for 48 hours,
centrifuged down at 6000rpm, the centrifuge vessel and pellet rinsed in S basal, spun
down again and then the pellet re-suspended in approximately 20mls of S medium and
stored at 4°C. Cell concentration was determined using a Helber-counter and an oil-
immersion objective compound microscope (see Chapter 2).
For lifespan and fertility trials, nematodes were cultured in 0.5ml and 50p,l
volumes in multiwell and microtitre well plates respectively. Three successive trials
were conducted, attempting to duplicate the findings described by Klass (1977). Each
of the three trials gave similar results, which differed from those reported by Klass.
Firstly, the same E. coli concentration was optimal for both lifespan and fecundity -
around 1x10s -2.5xl08 cells/ml. This is similar to the optimum concentration for
lifespan observed by Klass (1977). However, in these new trials, the optimum for
fertility is reduced relative to that seen by Klass (1977). Secondly, in two of the three
trials, the largest mean lifespan observed was not greater than that observed in
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Table 3.3.1; Effect of bacterial dilution in liquid culture on lifespan of wild-type C. elegans.
E. coli concentration 
(cells/ml)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
Upper 95% N C
5 xlO7 12.2+0.8 14 14 50 43
1x10s 19.9±1.3 21 23 25 69
2.5xl08 20.7±1.1 21 25 63 37
5xl08 16.2±0.8 16 17 50 46
lxlO9 12.5±0.6 14 14 54 41
5xl09 7.2±0.3 9 9 54 42
I  lxlO10 6.0±0.2 7 7 88 8
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored
Table 3.3.2: Effect of bacterial dilution in liquid culture on fertility of wild-type C. elegans.
Cells/ml 5xl07 1x10s 2.5xl08 5xl08 lxlO9 5xl09 lxlO10
Mean±S.E. 71±9 122±6 130±7 120±5 107±14 94±4 0
N 10 11 13 5 7 10 0
Tukey’s HSD C AB A AB AB BC -
S.E.= standard error of the mean; N = number of animals used to determine mean brood size. ANOVA 
was performed to find differences between treatments. Tukey’s HSD = Tukeys Honestly significant 
difference test: Performed to test which treatments are significantly different from each other.
Treatments not connected by the same letter are significantly different
Figure 3.3.2: Effect of dilution of bacterial food source on lifespan and fertility in C. elegans.
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Table 3.3.3: Effect of bacterial dilution in liquid culture on lifespan of wild-type C. elegans
E. coli concentration 
(cells/ml)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
Upper
95%
N C
5 xlO7 20.9±0.5 1.0 22 24 35
1x10s 24.5±0.7 0.7 24 27 45
5xl08 22.2±0.5 0.5 22 24 33
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored
Table 3.3.4: Effect of bacterial dilution in liquid culture on fertility of wild-type C. elegans
Cells/ml NGM 5xl07 IxlO8 5xl08 IxlO9
Mean±S.E. 217±13 123±4 155±5 135±6 130±4
N 18 23 22 20 18
Tukey’s HSD - C A B B
S.E.= standard error of the mean; N = number of animals used to determine mean brood size. ANOVA 
was performed to find differences between treatments. Tukey’s HSD = see table 3.3.2, above.
Figure 3.3.3: Effect of dilution of bacterial food source on lifespan and fertility in C. elegans
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Table 3.3.5: Effect of reduced bacterial concentration on lifespan of wild-type C. elegans
E. coli concentration 
(cells/ml)
Mean l.s. 
(days) 
(±SE)
Median 
l.s. (days)
Upper 95% N C
5 xlO7 14.2 0.8 12 16 91
IxlO8 19.1 0.9 18 20 96
2.5x108 19.8 0.9 20 24 96
5xl08 18.0 0.8 18 20 99
IxlO9 16.2 0.7 14 16 92
NGM 20.3 0.9 18 22 98
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored;
Table 3.3.6; Effect of bacterial dilution in liquid culture on fertility of wild-type C. elegans
Cells/ml NGM 5xl07 IxlO8 2.5xl08 5xl08 IxlO9
Mean±S.E. 3122±9 73±4 111±2 132±3 103 ±3 89±3
N 12 12 12 12 12 12
Tukey’s HSD - E B A C D
S.E.= standard error of the mean; N = number of animals used to determine mean brood size. ANOVA 
revealed highly significant differences between all treatments. Tukey’s HSD = see table 3.3.2, above
Figure 3.3.4: Effect of dilution of bacterial food source on lifespan and fertility in C. elegans
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nematodes raised on plates. However, in trial 2 (Table 3.3.3), a 24.5 day mean lifespan 
was seen, and although a plate lifespan was not included in this trial, this is a greater 
lifespan than normally exhibited by wild-type hermaphrodites on plates (c.f. Table 
3.3.5, 20.3 days).
3.3.2 Discussion
Thus, again, this method of exerting DR in nematodes to extend lifespan proves to be 
difficult to reproduce. What might explain this discrepancy? Firstly, it might be the 
result of experimental error by Klass. The data he presents is the result of a single trial, 
with 50 animals per E. coli concentration. It is worth commenting that in the 26 years 
since his report appeared there have been few reports using this method.
One recent report (Houthoofd et al., 2003) claims to show a quantitative 
response of lifespan to DR by bacterial dilution. However, the highest lifespan reported 
(at 1.4xl09 cells/ml, 24°C) was only 12 days. On plates at the same temperature, wild- 
type hermaphrodites typically have a lifespan between 12-15 days (Gems and Riddle, 
2000b) (also Table 3.4.2, Table 3.4.3, Table 4.1.1).
Secondly, it is possible that Klass performed his trial differently. For example, 
it is not mentioned whether his liquid cultures were kept stationary or performed in an 
orbital shaker. The studies described here were performed using stationary culture. In 
these, within a few hours, E. coli settles to the bottom of the culture wells, and the 
nematodes also. Thus, locally there is a high concentration of E. coli at all but the 
lowest bacterial concentrations. Possibly, dispersal of the E. coli is required to see a 
separation of nutritional optima for lifespan relative to that seen in plate-cultured 
nematodes.
3.4 DR using axenic liquid culture
3.4.1 Introduction
Axenic culture was employed to see if it could be used to obtain high magnitude 
lifespan extension with separation of nutrient concentration maxima for fertility and 
lifespan. Whether axenic culture is truly extending lifespan via DR remains contentious 
(Braeckman et al., 2000): DR is assumed due to the high magnitude lifespan extensions 
observed when using standard axenic media (Vanfleteren and De Vreese, 1995).
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3.4.2 Methods and results
Axenic media was prepared as described in chapter 2 (Section 2.8). Eggs were 
alkaline-hypochlorite extracted, then pippetted into 24-well multiwell plates containing 
500pi axenic medium. After 4-5 days at 25°C L4’s were picked and placed in 
populations of 20 in fresh multiwells for lifespan measurements, or placed singly into 
96-well microtitre wells containing 50pl medium for fertility counts. Worms were 
transferred every other day during the reproductive period and every second or third day 
thereafter throughout the experiment, to avoid starvation and contamination. 
Experiments were conducted at 25°C unless otherwise stated.
The effects of standard axenic medium (100%), axenic medium diluted to 80% 
and 50% of the standard concentration were tested in the first trial. Reduction of media 
concentration was expected to either increase of decrease lifespan, depending on 
whether 100% axenic medium was above or below the nutritional optimum for survial. 
Lifespan was measured from eggs, following the convention of previous axenic lifespan 
studies (Vanfleteren and De Vreese, 1995; Vanfleteren et al., 1998). This was to allow 
comparison and therefore confirmation that this culture method had been correctly 
executed. All experimental animals in this trial (including those used in NGM 
treatment) were raised at 25 °C in axenic medium, and then transferred to the treatments 
outlined above at L4 stage (approximately 5 days after being placed in axenic medium 
as eggs).
100% axenic extended lifespan by 33%, relative to NGM. Diluting the medium 
to 80% had no effect on lifespan, while further dilution to 50% caused a very small yet 
significant increase in lifespan relative to 100% axenic (P = 0.0074) (Table 3.4.1, 
Figure 3.4.1). The lifespan extension observed is less than that previously reported 
(Braeckman et al., 2000). This may be due to NGM animals being raised in axenic 
before being transferred to plates as L4’s (this idea is explored further in Chapter 4, 
Section 4.2). Further trials were conducted raising NGM experimental animals on 
NGM seeded with E. coli, therefore.
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Table 3.4.1: Effect of diluting axenic medium on lifespan of wild-type C. elegans
Food source Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. 
from NGM
Upper
95%
N C P
100% axenic 28.9±0.7 30 - 32 50 38 -
50% axenic 30.2±0.6 32 +7 33 96 6 0.0074
80% axenic 29.9±0.5 32 +7 32 93 11 0.3047
NGM 23.1±0.9 23 -33 26 14 3 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P\ = probability that survival curve is significantly different from that of N2 
CGCM under same nutrition; P2 = probability that survival curve is different from that of same strain on 
NGM (Log-rank test)
Figure 3.4.1: Effect of diluting axenic medium on lifespan of wild-type C. elegans
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Table 3.4.2: Effect of diluting axenic medium on lifespan of wild-type C. elegans
Food source Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
100% axenic
Upper
95%
N C P
100% axenic 19.1±1.5 22 - 24 28 33 -
5% axenic 24.1 ±0.9 24 +9 24 23 42 0.3741
10% axenic 23.4±0.6 24 +9 24 40 30 0.3474
25% axenic 25.1±0.5 24 +9 24 36 30 0.0312
50% axenic 20.4±0.8 22 0 24 53 14 0.4407
75% axenic 19.6±0.8 22 0 24 50 9 0.1534
200% axenic 21. 1±0.9 24 +9 24 28 31 0.6872
NGM 12.3±0.5 12 -56 12 42 16 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; PI = probability that survival curve is significantly different from that of N2 
CGCM under same nutrition; P2 = probability that survival curve is different from that of same strain on 
NGM (Log-rank test)
Figure 3.4.2: Effect of diluting axenic medium on lifespan of wild-type C. elegans
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Table 3.4.3: Effect of diluting axenic medium on lifespan of wild-type C. elegans. Trial III
Food source Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
100% axenic
Upper
95%
N C P
100% axenic 26.5±0.9 28 - 30 50 10 -
0.5% axenic 11.7±0.8 12 -57 15 54 6 <0.0001
200% axenic 25.5±0.9 28 0 28 39 21 0.8926
NGM 15.5±0.6 15 -46 18 50 53 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P\ = probability that survival curve is significantly different from that of N2 
CGCM under same nutrition; P2 = probability that survival curve is different from that of same strain on 
NGM (Log-rank test)
Figure 3.4.3: Effect of diluting axenic medium on lifespan of wild-type C. elegans. Trial III
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In the second trial, 100% axenic medium led to a significant increase in survival 
(P > 0.0001), and a 56% increase in median lifespan relative to NGM (Table 3.4.2, 
Figure 3.4.2). The effect of dilution of axenic medium across a range from 5% to 75%, 
as well as concentration of the medium to 200% of standard concentration was also 
tested. In general, dilution had no effect on lifespan, though a slight but significant 
increase in lifespan was seen at 25% axenic (P = 0.0312). The shapes of the survival 
curves were somewhat anomalous in this trial, for unknown reasons (Figure 3.4.2). 
Doubling the concentration of the axenic medium to 200% had no effect on lifespan 
(Table 3.4.2, Figure 3.4.2), a result confirmed in the third trial (Table 3.4.3, Figure 
3.4.3). A 200-fold dilution of axenic medium did significantly reduce survival (P 
<0.0001) (Table 3.4.3, Figure 3.4.3), presumably due to malnutrition.
3.4.2 Conclusion
Variation in concentration of axenic medium from 5% to 200% did not significantly 
affect lifespan in wild-type hermaphrodites, though a highly significant reduction in 
lifespan was seen when the concentration of the medium was reduced to 0.5%, probably 
due to malnutrition. These results suggest that axenic medium does not extend lifespan 
due to reduced nutrient content: that it does not, in fact, result in DR. This possibility 
is explored further in chapter four.
3.5 Discussion
DR using eat mutants
Eat mutant lifespan extension was not comparable to that observed by Lakowski and 
Hekimi (1998): eat-2(adlll6) was long-lived but to a lesser extent than previously 
seen, and eat-l(ad427) and eat-6(ad467) were not long-lived at all. Two possible 
reasons for this discrepancy - measurement of lifespan from eggs (Lakowski and 
Hekimi (1998) measured total rather than just adult lifespan), and measurement of 
lifespan in pre- and post- out-crossed strains of the eat mutant alleles used -  were 
excluded.
However, a third possibility -  that culture conditions used by (Lakowski and 
Hekimi, 1998) were different to standard NGM culture -  might explain the discrepancy. 
In monoxenic liquid culture, where E. coli concentration is reduced, eat-l(ad427) and 
eat-6(ad467) resulted in increases in lifespan. Thus, it is possible that somehow the
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agar plates used by Lakowski and Hekimi (1998) were different such that they exerted 
weak DR on the eat mutants tested.
DR by reducing bacterial density on NGM plates
Moderate lifespan extension was observed when the bactopeptone concentration of 
NGM was reduced, but of lower magnitude than previously reported (Lakowski and 
Hekimi, 1998). However, this method was too tedious to perform interaction studies, 
since dose-dependent effects were only observed at 15°C and daily transfers were 
required to prevent loss of animals from matricidal hatching and wall-climbing.
DR by bacterial dilution in liquid culture
Surprisingly, little lifespan extension was observed relative to NGM when performing 
quantitative monoxenic liquid culture, in 2 out of 3 trials. Further, no separation of 
lifespan and brood size concentration maxima was seen. Possibly this discrepancy is 
due to a lack of dispersal of E. coli.
DR using axenic liquid culture
Axenic liquid culture (Vanfleteren and De Vreese, 1995) is believed to extend lifespan 
via DR, though this has not been convincingly proven. Attempts to make axenic- 
mediated lifespan extension quantitative by concentrating and diluting standard axenic 
medium did not result in reduction or extension of lifespan, suggesting that life 
extension in axenic culture is not the result of DR.
3.6 Future work
A chemically defined medium for axenic cultivation of Caenorhabditis species has been 
available for over forty years (Dougherty et al., 1959). It is rarely implemented for 
culture of C. elegans, probably because it expensive and tedious to prepare. Recently, 
however, researchers at the Reproductive Hazards Laboratory at Fort Detrick (MA, 
USA) revived the use of this medium. Furthermore, they found that adding sterile 
pasteurised milk to this medium leads to quantitative, high magnitude lifespan extension 
in C. elegans (M. C. P. Clegg, pers. comm.). They refer to their variant of the medium 
as CeHR.
Attempts to use this media at UCL have been fraught with contamination
difficulties (as were numerous trials conducted in both monoxenic and axenic liquid
83
culture). Trials using this media would ideally need to be carried out in a laminar flow- 
hood using stringent aseptic technique. Limitations in time and resources meant 
perfecting use of this media was not possible, though further investigation would be 
worthwhile as it remains a potential untried method of imposing DR in C. elegans.
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4.0 Introduction
Of the published methods for extending C. elegans lifespan by DR (or purported DR) 
surveyed in chapter three, culture in axenic medium led to the most striking increases in 
lifespan. It has been suggested that axenic culture extends lifespan in the same way as 
DR in rodents: Through reduction in caloric intake (Holehan and Merry, 1986; 
Houthoofd et al., 2002b; Vanfleteren and De Vreese, 1995; Weindruch and Walford, 
1988). However, it remains unclear whether this is really the case. Altering 
concentration of axenic medium, i.e. the nutrient concentration, did not alter longevity 
as one would predict if it extends lifespan by DR.
In this chapter possible modes of action of axenic culture on lifespan are 
explored. First, the importance of caloric content in axenic medium is investigated by 
means of glucose supplementation. Secondly, the effects of axenic culture during 
development on adult lifespan is tested. In studies on rodents and in Drosophila, DR 
during adulthood is critical to lifespan extension.
A further possibility is that in axenic medium, lifespan extension occurs due to 
the absence of a ‘food signal’. Nematodes are considerably simpler than, for example, 
mammals, and it is feasible that they monitor their nutritive state largely through 
external chemosensory organs, rather than via internal cues. Mammals employ a 
complex system of visual, olfactory and gustatory sense organs to locate and ingest 
food. During feeding, internal chemosensory receptors and mechanical stretch 
receptors, coupled with hormone and satiety factor secretory systems determine 
nutritive state and signal satiety to the mammalian nervous system. In the nematode, 
however, the delay between food being detected, ingested and absorbed across the gut 
epithelia is minimal.
60 of the 302 neurones present in the C. elegans hermaphrodite contain sensory
cilia (White et al., 1986). The principle sensory organs are the amphids, a pair of
lateral sensilla in the head, which contain the ciliated endings of twelve sensory
neurones. Dauer formation in C. elegans is induced by over-crowding and limited food
availability. Individual worms determine the level of over-crowding by sensing the
concentration of constitutively produced dauer pheromone (Golden and Riddle, 1982),
and determine food availability via concentration of a food signal that is produced by E.
coli and that is present in yeast extract (Golden and Riddle, 1984b). C. elegans sense
these and other environmental signals using ciliated sensory neurones. Mutation of
genes that determine sensory neurone morphology disrupt the ability of C. elegans to
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detect environmental signals (Albert et al., 1981), and thereby influence both dauer 
formation and ageing (Apfeld and Kenyon, 1999).
One study in which survival analyses were performed on several sensory cilia 
mutants found that compromising C. elegans sensory perception increases lifespan 
(Apfeld and Kenyon, 1999). These mutants were normal in appearance, had normal 
feeding behaviour and pharyngeal pumping rates, had normal lengths of postembryonic 
development and normal or elevated brood sizes. This suggests that reduced sensing of 
environmental signals directly affects lifespan, rather than it resulting as a secondary 
consequence of reduced sensing ability (Apfeld and Kenyon, 1999), e.g. reduced ability 
to detect food signal leading to a reduction in food intake, leading to DR-mediated 
lifespan extension.
Several findings suggest that chemosensory neurones affect lifespan via IIF 
signalling. Many insulin-like (Ins) genes are expressed in chemosensory neurones 
(Pierce et al., 2001), and the Age phenotype of che-4 (chemotaxis) mutants is 
suppressed by mutation of daf-16 (Apfeld and Kenyon, 1999). If chemosensory or 
olfactory neurones do secrete INS’ in response to nutrients, this would mean that 
effectively the worm has its pancreas in its nose. One possibility is that axenic medium 
lacks important chemical triggers of insulin production by sensory neurones.
A further possibility is that culture in axenic medium extends lifespan because it 
results in reduced levels of ubiquinone (coenzyme Q, CoQ or Q). In some long-lived 
mutants, addition of E. coli OP50 to axenic medium is essential for their growth and 
development. For example, clk-1 mutants demonstrate early larval arrest in axenic 
medium unless a low concentration of E. coli OP50 is added, whereupon they develop 
and reproduce normally, although more slowly than wild-type (Braeckman et al., 1999). 
This is because clk-1 mutants exhibit a profound CoQ auxotrophy, and therefore require 
a dietary source of CoQ (Jonassen et al., 2001).
Coenzyme Q (2,3-dimethoxy-5-methyl-6-decaprenyl-l,4-benzoquinone) is 
involved in numerous enzymatic processes and is present in the cellular membranes of 
all living organisms. In particular, it is an essential component of the electron transport 
chain, acting as a redox cycling moeity shuttling between the cytochromes of the 
respiratory complexes. Several isoforms have been found in nature, which differ in the 
length of their isoprenoid side chain (Ernster and Dallner, 1995). The length of the 
side-chain is species specific and dictates isoform nomenclature: Human CoQ has ten
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isoprene side-units and thus is designated CoQ 10, nematodes produce CoQ9 and E. coli 
C0Q8 (Emster and Dallner, 1995).
An E. coli mutant strain that cannot synthesise CoQ (E. coli GDI) has been used 
to demonstrate that dietary source of CoQ is essential for clk-1 mutant development. 
clk-1 mutants hatched on a lawn of Q-less E. coli arrest in the L2 larval stage. Transfer 
to E. coli OP50 or to a GDI strain in which Q production had been restored 
(GDl:pAHG) resulted in resumption of development to adulthood and production of 
viable progeny (Jonassen et al., 2001). HPLC-based analysis of Q content has shown 
that clk-1 mutants accumulate C0Q8, the E. coli isoform. In order to develop normally, 
therefore, clk-1 mutants must obtain CoQ from their food source (Jonassen et al., 2001). 
It can be surmised that the failure of clk-1 mutants to grow under axenic culture is due 
to this being a Q-less medium.
4.1 Glucose supplementation o f axenic medium
Attempts to increase the caloric content of axenic medium by doubling the 
concentrations of its components did not affect lifespan, as would be expected if axenic 
medium mediates lifespan extension via DR. This was tested further by augmenting the 
caloric content of axenic medium through addition of glucose. Axenic medium was 
prepared as described (Chapter 2, Section 2.1) except that the appropriate weight per 
volume of D-glucose (Sigma, St Louis, MO, USA) was dissolved in the basal axenic 
medium prior to sterilisation.
4.1.1 Methods and results
Axenic medium was supplemented with 3% and 9% w/v glucose. These concentrations 
were chosen following trials conducted using Drosophila that showed supplementation 
of fly food with 3% w/v glucose decreases lifespan while increasing fertility (B. 
Siegfried and L. Partridge, pers. comm.).
In both trials supplementation with 3% glucose had no effect on lifespan. 
Supplementation with 9% glucose significantly decreased lifespan relative to that 
observed for standard axenic medium (P < 0.0001 in both trials; Table 4.1.1, Figure 
4.1.1). In the second trial 9% glucose decreased survival in axenic medium to a level 
similar to that observed on NGM plates (P = 0.3568). A reduction of this magnitude 
was not seen in the first trial, however (P = 0.0155).
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Table 4.1.1: Effect of glucose supplementation on lifespan of C. elegans in axenic medium at 25°C
Food source Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
100% 
axenic
Upper
95%
N C P
Trial I
100% axenic 26.5±0.9 28 - 30 50 10 -
100% ax. + 3% w/v glucose 28.9±0.6 30 +7 30 47 13 0.2612
100% ax. + 9% w/v glucose 18.0±0.5 19 -32 19 17 12 <0.0001
NGM 15.5±0.6 15 -46 18 50 53 <0.0001
Trial II
100% axenic 28.3±0.6 31 - 33 52 66 -
100% ax. + 3% w/v glucose 26.2±0.7 30 -3 32 39 21 0.1955
100% ax. + 9% w/v glucose 15.2±0.7 29 -6 29 56 6 <0.0001
NGM 15.3±0.6 15 -52 15 40 19 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 4.1.1: Effect of glucose supplementation on lifespan of C. elegans in axenic medium at 25°C
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4.1.2 Conclusion
These results are consistent with rescue of lifespan extension by DR due to increase of 
caloric intake. However, as with most treatments which shorten lifespan, one cannot be 
sure whether an acceleration of normal ageing is occurring, or if the treatment has a 
detrimental effect that causes premature death in a manner unrelated to senescence. For 
example, glucose supplementation may increase osmotic pressure, which would be 
detrimental to C. elegans survival.
One way of determining whether glucose supplementation is accelerating 
normal ageing or having a detrimental effect which is unrelated to senescence would be 
to test the effect of this treatment on fertility. If glucose supplementation enhances 
fertility, then it is probable that addition of glucose is accelerating normal ageing. On 
the other hand, if fertility was reduced, then this would imply that high glucose 
concentration is merely deleterious to survival. The fact that 3% glucose did not 
shorten lifespan is consistent with the latter interpretation. Fertility in normal axenic 
medium is extremely low (3.3±0.5; n=18).
4.2 Does axenic culture during development influence adult lifespan?
In D rosophila  and rodents, administering DR to juvenile individuals delays 
development time and can even be detrimental to survival. Life extension via DR is 
maximised when reducing caloric intake after eclosion (in Drosophila) or post-weaning 
(in rodents). The duration for which DR is imposed correlates with the magnitude of 
lifespan extension seen.
Axenically cultured C. elegans are of necessity dietarily restricted from 
hatching, because transfer to axenic culture as L4’s from plates results in contamination 
of axenic medium with E. coli. Two trials were conducted to test the effect imposing 
axenic culture during the larval phase has on adult C. elegans lifespan.
4.2.1 Methods and results
Experimental individuals were hatched on NGM plates seeded with E. coli or in axenic 
medium, and maintained at 25°C. At L4 stage NGM cultured animals were transferred 
to experimental NGM plates, while axenically treated animals were transferred either to 
experimental axenic culture wells or to NGM plates.
Similar results were observed in both trials (Table 4.2.1, Figure 4.2.1). While
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Figure 4.2.1; Effect of axenic culture during development on adult C. elegans lifes
Food source Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
100% axenic
Upper
95%
N C P
Trial I
NGM 15.3±0.6 14 - 17 40 19 -
100% axenic 28.3±0.9 31 +121 37 52 66 <0.0001
axenic shifted to NGM 16.7±1.0 19 +36 22 17 37 0.2124
Trial II
NGM 15.5±0.6 15 - 18 50 53 -
100% axenic 26.5±0.9 28 +87 30 50 10 <0.0001
axenic shifted NGM 18.5±0.9 21 +40 21 15 45 0.0502
san at 25°C
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 4.2.1: Effect of axenic culture during development on adult C. elegans lifespan at 25°C
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development in axenic culture increased median lifespan by 36% and 40% relative to 
nematodes that developed on NGM, maximum lifespan was not affected. In the first 
trial, survival of nematodes that developed in axenic medium was not different from 
those that developed on plates, but in the second trial a difference that is borderline 
significant was seen (Table 4.2.1).
4.2.2 Conclusion
Development in axenic culture followed by transfer to NGM plates results in increased 
median lifespan, and in one trial increased overall rates of survival. Thus, effects of 
axenic culture during development weakly influences adult survival. However, this 
finding implies that the effects of axenic culture on ageing are principally exerted via 
direct effects on the adult. It remains possible, though, that axenic culture conditions 
during development prime the adult to respond to axenic culture by slowing ageing. In 
principle, this possibility could be tested by axenic culture in adulthood, but not larval 
development. Unfortunately this is technically difficult (see above).
4.3 Is life-extension in axenic medium due to perceived absence of food?
Sensory cilia mutants were used to test the possibility that axenic culture extends 
lifespan via a reduction or absence of food signal in this medium, rather than via 
reduced nutrient content (DR). If this hypothesis were correct, culture in axenic 
medium should have little or no effect on the lifespan of these mutants, since sensory 
cilia mutants are either partially or totally unable to detect food signal. They should be 
as unable to respond to reduced food signal (i.e. axenic culture) as to conditions where 
food signal concentration is normal (i.e. NGM agar seeded with E. coli).
If a lack of food signal is responsible for the life-extending effects of culture in 
axenic medium, sensory cilia mutant survival should be the same in axenic medium as 
on NGM agar. If axenic medium does actually extend lifespan via DR, there are several 
possible outcomes, depending on whether IIF signalling and DR extend lifespan by the 
same mechanism, and whether sensory cilia and DR extend lifespan via the same 
mechanism (sensory cilia mutant-mediated lifespan extension is only partly dependent 
on daf-2 and daf-16).
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4.3.1 Methods and results
Three sensory cilia mutants reported to exhibit high magnitude lifespan extension were 
used: che-3(p801), daf-10(el387) and osm-5(p813) (Apfeld and Kenyon, 1999). All 
three are chemotaxis defective (Che), dauer-formation defective (Daf-d) and osmotic 
avoidance defective (Osm) (Perkins et al., 1986; Starich et al., 1995). Individual gene 
names denote the phenotype of the mutation by which the gene was first identified. 
che-3(p801) confers a 100% increase in longevity relative to wild-type, daf-10(el387) a 
56% increase and osm-5(p813) a 121% increase (P <0.0001) (Apfeld and Kenyon, 
1999).
Two trials were performed, both on plates and in axenic medium. All three 
mutant strains show significantly increased longevity in both trials, though the 
magnitude of the lifespan extension was less than that reported in (Apfeld and Kenyon, 
1999). The degree to which lifespan was enhanced on NGM is similar for both trials 
(Table 4.3.1, Figure 4.3.1; Table 4.3.2, Figure 4.3.2).
In axenic culture, the increases in lifespan resulting from che-3 and daf-10 were 
comparable to, or more than those seen on NGM plates. This does not support the 
hypothesis that increased lifespan in axenic culture is due to reduced food signal. 
However, in the case of osm-5, the increase in lifespan was reduced in axenic medium, 
supporting the opposite conclusion.
4.3.2 Conclusion
The difference in the effect of axenic culture on the Age phenotypes resulting from Che- 
3, daf-10 and osm-5 make it difficult to draw clear conclusions from these results. One 
possibility is that in the case of osm-5 there is a deleterious interaction with axenic 
culture that reduces lifespan in a manner that is not linked to normal ageing. An 
alternative interpretation is that che-3 and daf-10 still possess some sensitivity to food 
signal, while osm-5 does not. Yet this seems unlikely since daf-10 and osm-5 mutations 
both affect most of the ciliated sensory neurones (Komatsu et al., 1996; Perkins et al., 
1986).
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Table 4.3.1: Effect of axenic culture on sensory cilia mutants
Strain, food 
source
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from N2 
on same medium
Upper
95%
N C P
N2 NGM 15.7±0.5 17 - 17 66 36 -
che-3 NGM 18.6±1.4 19 +12 25 23 52 0.0217
daf-10 NGM 19.6±1.4 22 +29 26 41 59 0.0004
osm-5 NGM 24.1 ±3.2 28 +65 29 11 89 0.0101
N2 axenic 28.6±1.0 31 - 31 56 22 -
che-3 axenic 33.4±0.8 34 +10 36 48 46 0.0002
daf-10 axenic 36.2±1.0 39 +26 40 57 36 <0.0001
osm-5 axenic 33.5±1.2 38 +23 39 33 47 0.0024
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 4.3.1: Effect of axenic culture on sensory cilia mutants
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Table 4.3.2: Effect of axenic culture on sensory cilia mutants
Strain, food 
source
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from N2 
on same medium
Upper
95%
N C P
N2 NGM 15.8±0.5 16 - 18 50 50 -
che-3 NGM 18.7±1.0 18 +13 23 47 54 0.0020
daf-10 NGM 18.7±0.9 18 +13 20 48 52 0.0006
osm-5 NGM 22.7±1.7 27 +69 10 90 <0.0001
N2 axenic 22.8±1.1 26 - 26 19 76 -
che-3 axenic 34.5±0.9 37 +42 37 44 46 <0.0001
daf-10 axenic 36.9±0.9 40 +54 40 74 19 <0.0001
osm-5 axenic 26.8±2.1 28 +8 31 13 29 0.0291
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Figure 4.3.2: Effect of axenic culture on sensory cilia mutants
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4.4 Effect of manipulating dietary ubiquinone on lifespan of axenic cultured C.
elegans
One possibility is that it is an absence of CoQ that increases lifespan in axenically 
cultured nematodes. If this were the case, increasing the CoQ content of axenic 
medium should result in similar shorter lifespan to that observed on NGM plates. To 
test this idea CoQ 10 and both the Q-less and Q-replete strains described (Section 4.0) 
were added to axenic medium.
4.4.1 Methods and results
The CoQ content of axenic medium was augmented via supplementation with CoQ 10 
(Sigma, St. Louis, MO, USA) and addition of heat-killed E. coli GDI. Addition of E. 
coli GDI will also augment the caloric content of axenic medium: For this reason heat- 
killed E. coli GDl:pAHG (which contains a construct that rescues the ability to 
synthesise CoQ8) was used as a control. In the second trial, axenic medium 
supplemented with heat-killed E. coli OP50 was also included, for comparison.
The concentration of CoQ8 that would be present in lx l09 cells/ml E. coli OP50 
was calculated using data from Jonassen et al. (2001). A 0.765pM stock solution of 
CoQIO was made up and 0.2pm filtered. An appropriate volume of stock solution was 
added to axenic medium, to give a final concentration ten times that of the amount of 
CoQ8 estimated to be in IxlO9 cells/ml E. coli OP50.
The critical comparison in these tests is the relative effect on lifespan of addition 
to axenic medium of GDI (no Q) and GDlipAHG (with Q). If reduction of Q retards 
ageing in axenic medium, then lifespan should be shorter upon treatement with 
GDlipAHG than with GDI. In fact, in both trials the reverse was the case (Table 4.4.1, 
Figure 4.4.1; Table 4.4.2, Figure 4.4.2). Taking this into account, it is unlikely that the 
life shortening effects of CoQIO supplementation reflects a rescue of Q deficiency. 
More probably, it reflects the pro-oxidant effects of high doses of Q. This could be 
verified by testing the effect of CoQIO treatment on C. elegans cultured in axenic 
culture supplemented with killed E. coli OP50. This finding highlights the potential 
risks associated with over-consumption of dietary supplements such as CoQIO.
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Table 4.4.1: Effect of manipulating dietary CoQ on lifespan in axenic cultured C. elegans
Food source Mean l.s. 
(days) 
(±SE)
Median 
l.s. (days)
% diff. from 
100% axenic
Upper
95%
N C P
100% axenic 63.6±1.6 66 - 72 37 22 -
100% axenic + 10x[Q-
^ Q jn o r m a l
55.0±2.2 55 -17 62 39 18 0.0004
100% axenic + GDI 44.4±2.3 40 -39 53 24 36 <0.0001
100% axenic + GDI:pAHG 49.0±2.0 53 -20 55 36 24 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test); dead bacteria were added to axenic at a final concentration of IxlO8 cells/ml; 
bacteria alone were at a concentration of IxlO9 cells/ml; CoQIO added at what was calculated to be lOx 
amount of Q8 normally available in IxlO9 cells/ml E. coli OP50
Figure 4.4.1: Effect of manipulating dietary CoQ on lifespan in axenic cultured C. elegans
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Table 4.4.2: Effect of manipulating dietary CoQ on lifespan in axenic cultured C. elegans
Food source Mean l.s. 
(days) (±SE)
Median
l.s. (days)
% diff. from 
100% axenic
Upper
95%
N C P
axenic 64.3±1.3 67 - 67 34 47 -
axenic+10[ CoQ10]normal 57.2±0.9 56 -16 59 35 65 <0.0001
axenic + GDI 44.4±1.2 40 -40 48 51 48 <0.0001
axenic + GDI :pAHG 48.7±1.5 52 -22 54 57 43 <0.0001
OP50 DEAD 23.3±0.7 22 -77 24 60 40 <0.0001
OP50 LIVE 24.8±0.7 22 -77 26 76 24 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test); dead bacteria were added to axenic at a final concentration of IxlO8 cells/ml; 
bacteria alone were at a concentration of IxlO9 cells/ml; CoQIO added at what was calculated to be lOx 
amount of Q8 normally available in IxlO9 cells/ml E. coli OP50
Figure 4.4.2: Effect of manipulating dietary CoQ on lifespan in axenic cultured C. elegans
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4.4.2 Conclusion
Although the results of the two trials largely concur, the effects of CoQ addition on 
lifespan, and the effect of adding Q-less bacteria are contrary to expectation, making 
interpretation difficult.
4.5 Discussion
Although several of the tests performed were inconclusive, overall, the results in this 
chapter provide some support for the view that culture in axenic medium does affect 
lifespan by dietary restriction.
Glucose supplementation While glucose supplementation does lead to reduced 
lifespan relative to that seen in standard axenic medium, it is not clear whether it does 
so by increasing calories, or by some other means detrimental to survival which is 
distinct from normal ageing. The fact that supplementation with 3% w/v glucose has no 
effect on survival would suggest the latter interpretation.
Axenic culture during development Although culture of larval C. elegans in 
axenic medium did result in a small increase in adult lifespan, lifespan was not 
increased overall. Thus, the effect of axenic culture on ageing is not a consequence of 
effects on development. This is consistent with DR occurring in axenic culture.
Perceived absence o f food  Results with che-3 and daf-10 mutants did not 
support the notion that a food signal is absent in axenic medium. However, results with 
osm-5 suggest the alternative interpretation. However, the small lifespan increase of 
osm-5 animals in axenic medium could reflect a genotype-environment interaction. 
Potentially this question could be resolved through analysis of further chemosensory 
mutants.
Manipulating dietary ubiquinone E. coli are the normal laboratory food source 
for C. elegans, upon which they are fully fertile and show synchronous development, 
implying that consumption of E. coli is not detrimental to their life history. The fact 
that supplementation of axenic medium with Q-less bacteria causes a reduction in 
lifespan supports the view that axenic culture extends lifespan by caloric restriction 
rather than as the result of Q deficiency.
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The use of pharmacological interventions to test theories of
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5.0 Introduction
This chapter and Chapter 6 apply critical tests to the theory that oxidative damage is a 
primary cause of ageing. There is ample evidence that eukaryotic cells produce 
potentially damaging oxidative and nitrosative species (referred to here as oxidants) 
(reviewed in Halliwell and Gutteridge, 1999). These arise as a result of normal cellular 
metabolism, and also under pathological conditions, e.g. in neurodegenerative disorders, 
heart disease, chronic inflammation and autoimmune diseases as well as cancer, 
ischemia-reperfusion injury and septic shock (Groves, 1999). Despite numerous 
intracellular defences against such oxidants (for review see Beckman and Ames, 1998) 
damage to important macromolecules occurs and accumulates during both normal 
ageing and in disease states. In the latter this often results in necrotic or apoptotic cell 
death and disease pathologies (Halliwell and Gutteridge, 1999).
Many metabolic and physiological processes depend on free radical and other 
pro-oxidant production, including immune defence and signal transduction (Finkel, 
2003). For example, nitric oxide (NO) plays an important role in the control of blood 
pressure, whereby release of NO causes relaxation of arterial epithelia (Halliwell and 
Gutteridge, 1999), and stimulation of vascular smooth muscle cells by platelet-derived 
growth factor (PDGF) results in intracellular production of hydrogen peroxide (H2Oz), 
which is essential for tyrosine phosphorylation (Finkel and Holbrook, 2000). This 
suggests that the levels of pro-oxidants in the cell such as superoxide (02‘) and NO may 
be optimal between sufficiently high for signalling but low enough not to cause ageing 
(Sohal et al., 2002). Thus, excessive reduction of intra- and extra-cellular oxidants 
might be deleterious to the cell.
According to an influential formulation of the oxidative stress hypothesis, 
ageing is caused by an imbalance between pro-oxidant generation, antioxidant defence 
and damage repair (Sohal et al., 2000, 2002). This results in an accrual of oxidative 
damage to important macromolecules, a decline in vigour and an increased probability 
of mortality. From this it follows that modulation of pro-oxidant production, 
antioxidant defence and damage repair should have concomitant effects on rate of 
ageing and survival. Mutation and over-expression of genes encoding antioxidant 
defence and repair proteins, as well as application of pharmacological and nutriceutical 
preparations which attenuate oxidative stress have been employed extensively to
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investigate the oxidative damage hypothesis of ageing (Le Bourg, 2001; Orr and Sohal, 
2003; Sohal et al., 2002; Sohal and Weindruch, 1996).
Testing the oxidative damage theory by over-expressing antioxidant enzymes 
The most extensive investigations of the oxidative damage theory of ageing via altered 
expression of antioxidant enzymes have been conducted in Drosophila melanogaster, 
where a long series of studies have been conducted (Sohal et al., 2000, 2002). C. 
elegans studies relating to the oxidative damage theory are discussed below (Section 
5.3).
Initial Drosophila studies involved mutation or over-expression of the gene Sod- 
1, which encodes the cytosolic Cu/Zn superoxide dismutase (SOD). In 1989 the Sod11 
(-/-) mutant was shown to have reduced lifespan and increased sensitivity to the 
superoxide generator paraquat (Phillips et al., 1989). As with most interventions that 
reduce lifespan, it is difficult to be sure that the effect is due to accelerated ageing and 
not some pathological effect of the treatment employed that is unrelated to normal 
ageing.
More robust proof of the role superoxide plays in ageing would be expected 
from studies involving Sod gene over-expression. However, the first trial of this type, 
involving Sodl, did not demonstrate increased lifespan or resistance to the superoxide 
generator paraquat (Seto et al., 1990). Orr and Sohal (1993) then reported that Sodl 
over-expression increased mean but not maximum lifespan, and did not confer 
increased paraquat resistance. They then reported that over-expression of both Cu/Zn 
SOD and catalase increased both mean and maximum lifespan but had no effect on 
metabolic potential (see below for explanation) (Orr and Sohal, 1994). Orr and Sohal 
(1994) inferred from this that increased levels of SOD alone might lead to increased 
H20 2 levels, and that additional catalase is also required to abate oxidative damage 
sufficiently to affect ageing.
Metabolic potential (also referred to as life energy potential) is an estimate of
the total amount of oxygen consumed during the lifetime of the organism. According to
the rate of living theory (Pearl, 1908), while metabolic rate may vary, metabolic
potential is constant, and lifespan is a function of metabolic rate. Sohal et al. (2002)
have stressed the importance of estimating the effect on metabolic potential of
treatments that alter lifespan in poikilotherms such as Drosophila and C. elegans. If a
longevity-enhancing regime has a negative or no effect on lifetime oxygen
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consumption, then it may be extending lifespan by reducing metabolic rate rather than 
attenuating ageing in an informative way.
After the Orr and Sohal (1991) report, a series of studies followed. Over­
expression of human SOD1 alone in Drosophila motor neurones was shown to extend 
lifespan. Here no change in metabolic rate was detected, implying that ageing rather 
than the rate of living had been retarded in this case (Parkes et al., 1998). This finding 
was apparently corroborated by a study reporting that Cu/Zn SOD alone can extend 
Drosophila lifespan, and that additional over-expression of catalase had no additional 
affect (Sun and Tower, 1999). A further virtue of this study is that they used both short- 
and long-lived Drosophila lines, to control for effects of genetic background.
A major concern is that in short-lived Drosophila stocks, such as the inbred 
laboratory lines Canton S and Oregon R, lifespan may be limited by pathologies distinct 
from normal ageing. It is well established that lifespan is greatly shortened by 
inbreeding (Clarke and Maynard Smith, 1955). Such pathologies may be responsive to 
enhanced antioxidant defence, while ageing in outbred stocks might not be. In the Sun 
& Tower (1999) study antioxidant gene over-expression was achieved using transgene 
constructs with inducible expression, in this case the heat-shock inducible transgene 
expression system, FLP-recombinase. The value of this approach is that it excludes the 
possible confounding effects of the transgene insertion, and position effects. Control 
and treated flies are genetically identical and transgene expression is induced in treated 
flies by exposure to brief heat-shock. A potential problem is the difficulty in ruling out 
hormetic (c.f. Section 6.2) lifespan effects, i.e. enhanced antioxidant defences may 
extend lifespan only in the context of an induced stress response.
A recent study of the effect of Sod over-expression examined the effect of
human SOD1 on lifespan in ten long-lived lines of Drosophila (Spencer et al., 2003),
utilising the SOD control and over-expression lines mentioned above (Parkes et al.,
1998). Inbreeding full siblings from a wild caught line for 14 generations generated ten
lines that were homozygous for the wild-type genetic background at 95% of loci, and all
had a mean lifespan of more than 70 days, i.e. longer than most laboratory maintained
strains. It was found that the effect of Sodl over-expression depended on sex and
genotype. Shorter-lived inbred laboratory strains demonstrated a far greater effect of
SOD1 expression on lifespan, but six of the long-lived lines showed significant lifespan
increases (Spencer et al., 2003). However, these were much smaller in magnitude, and
seen in females but not males. Unfortunately metabolic potential was not measured:
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While Sodl over-expression does slightly extend lifespan in some lines, whether it does 
so by reducing ageing is not clear.
The first Drosophila study to examine the effects of over-expressing Sod2, 
which encodes the mitochondrial Mn SOD, showed no effect on mean or maximum 
lifespan or resistance to hyperoxia. In fact a 4-5% reduction in lifespan was observed 
(Mockett et al., 1999a). Arguably, this is surprising, since it has been proposed that the 
mitochondria are the major target for oxidative damage leading to ageing (Miquel, 
1998). Mitochondria are believed to be a major site of production of cellular 
superoxide, yet the mitochondrial genome lacks the mechanisms to repair oxidative 
damage that exist for nuclear DNA. The author of the Sodl study suggested that Mn 
SOD activity in Drosophila has evolved to be optimal under normal conditions, and that 
perturbation of its expression may therefore be detrimental. RNA interference-mediated 
silencing of Drosophila Sod2 elevates oxidative stress and dramatically reduces lifespan 
as one might expect (Kirby et al., 2002), but again it is unclear whether this represents 
accelerated ageing or a distinct pathological effect.
Finally, a very rigorous study was recently reported in which up to three 
antioxidant enzymes were over-expressed in concert, two long-lived lines were used to 
reduce background effects, and multiple control and transgenic lines were tested to 
eliminate positional effects of inserted transgenes (Orr et al., 2003). The gene 
combinations were Sodl and catalase; Sodl, Sod2 and catalase; Sodl and thioredoxin 
reductase (regenerates both reduced glutathione and thioredoxin in flies); catalase, 
thioredoxin reductase and Sodl; catalase and thioredoxin reductase. No increases in 
lifespan were seen.
What might explain the contradictions in the results of these studies? One 
possibility is that the studies which observed lifespan extension in Drosophila upon 
antioxidant over-expression only did so because they used short-lived control stocks. 
Any extension observed in a short-lived line may merely be rescuing the effects of poor 
genetic background (Orr and Sohal, 2003). This was confirmed by a survey of 
published results, where a striking negative correlation was observed between the 
lifespan of the control flies and the extent of lifespan extension (Sohal et al., 2002). 
This suggests that levels of antioxidant defences may limit lifespan where it is 
otherwise limited by disease, but not by normal ageing.
Does this mean that damage from pro-oxidants are unimportant in ageing? An
interesting study published in 2002 involved over-expression of an oxidant damage
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repair gene, methionine sulfoxide reductase (MSRA). The amino acid methionine (met) 
comprises 2% of all protein amino acid residues, and met residues are readily oxidised 
by physiological oxidants to met sulfoxide. MSRA reduces it back to met. Over­
expression of the MSRA gene resulted in a striking increase in mean and maximum 
lifespan, greatly enhanced paraquat resistance and even increased reproduction (Ruan et 
al., 2002). This study suggests that repair of oxidative damage may limit lifespan, while 
antioxidant defence does not. However, it remains to be seen how reproducible this 
finding is, whether metabolic potential is increased, and whether the same increases are 
seen in long-lived fully out-bred backgrounds.
In contrast to Drosophila, there have been few studies in C. elegans of the effect 
of altered antioxidant gene expression. There are five genes encoding SODs in the C. 
elegans genome (Giglio et al., 1994; Hunter et al., 1997; Larsen, 1991; Suzuki et al., 
1992), plus three catalases (Taub et al., (1999), www.wormbase.org). In addition, C. 
elegans contains genes coding for several putative reductases of small molecular 
antioxidants (glutathione peroxidase, glutathione reductase, thioredoxin reductase) 
highlighting the importance of oxidant scavenging and redox balancing in normal 
metabolism. No antioxidant over-expression studies involving C. elegans, have been 
reported.
There is some weak evidence that oxidative stress plays a role in C. elegans 
ageing. It is well documented that reduced insulin-like signalling leads to increased 
SOD gene expression, not only in C. elegans (Honda and Honda, 1999; McElwee et al., 
2003; Murphy et al., 2003), but also Drosophila (Clancy et al., 2001) and humans 
(Nemoto and Finkel, 2002). It has been proposed that this might cause the extension of 
lifespan seen in C. elegans IIF signalling mutants (Larsen, 1993; Vanfleteren, 1993). 
This has yet to be tested systematically by knockouts of Sod gene expression. 
However, RNAi of sod-3 was found to significantly decrease lifespan in daf-2(mul50) 
(class I) and daf-2(el370) (class II) mutants, but not wild-type animals (Murphy et al., 
2003).
A paraquat sensitive mutant, mev-l(knl), has a lifespan which is 65% that of
wild-type, is hypersensitive to oxygen as well as paraquat, and its SOD activity is about
half the wild-type level (Ishii et al., 1990). Subsequent work showed that mev-1
encodes a sub-unit of the enzyme succinate dehydrogenase b, a component of complex
II of the electron transport chain. It was suggested that mutation of this gene
compromises the transport of electrons from succinate to ubiquinone, causing an
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increase in superoxide levels (Ishii et al., 1998). However, it remains unclear whether 
the short lifespan of mev-l(knl) animals is due to acceleration of the normal ageing 
process.
Dietary antioxidants
In terms of therapeutic application, compounds that when ingested reduce oxidative 
stress or damage and increase lifespan are of more interest than observations of lifespan 
extension via gene over-expression. Testing the effects on lifespan of such compounds 
using C. elegans and Drosophila is a quick, cheap and convenient way of establishing 
their efficacy, and of testing theories of ageing. Potentially active compounds may then 
be tested on rodents.
A major problem with assessing such studies is that results, positive or negative, 
do not reflect the proportion of positive versus negative results in the laboratory. This is 
due to reporting bias. If ten researchers conduct studies of, say, the effect of vitamin E 
on survival, and one sees extension in lifespan, it is most likely that that one study will 
be submitted for publication in a scientific journal and that it will be accepted for 
publication as an interesting observation.
The oxidative damage theory of ageing has focused mainly on reactive oxygen 
species. Following the discovery of nitric oxide (NO*) as an endogenous signalling 
molecule nearly 20 years ago the often neglected field concerned with reactive nitrogen 
species has emerged. In fact nitrositive stress may be as, or even more important than 
oxidative stress in causing the molecular damage that is a correlate of ageing: While 
NO itself is not especially damaging to the cell, it is easily diffusible and can form 
highly reactive derivatives (Halliwell and Gutteridge, 1999) (Section 5.1).
It seems likely that C. elegans is able to tackle at least one of the downstream 
effects of oxidative damage, namely DNA strand breakage. Two poly (ADP-ribose) 
polymerase (PARP) homologues have been identified in the nematode (Serge 
Desnoyers, pers. comm.). These enzymes are involved in identifying DNA damage as 
a prelude to its repair (Section 5.2).
In this chapter investigations of the effect on C. elegans lifespan of three classes 
of oxidative stress-attenuating agents are described. These are: (i) peroxynitrite 
scavengers, (ii) poly (ADP-ribose) polymerase (PARP) inhibitors and (iii) superoxide 
dismutase/catalase mimetics (SCMs).
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The effect of these compounds on lifespan was tested by applying a range of 
concentrations to wild-type C. elegans. Due to the role of ROS as known mediators of 
normal signalling processes and perhaps other as yet unidentified physiological 
functions, a dose range was identified extending from higher doses with life-shortening 
effects to lower doses with no effects on lifespan. This was to ensure that a 
therapeutically efficacious concentration window was not missed (Kang et al., 2002). 
No lifespan increases were observed, and in fact dose dependent toxicity was apparent 
in all cases. Surprisingly, this included the SCMs whose anti-ageing effects [reported 
by Melov et al (2000)] provided the principal motivation for these investigations.
5.1 Peroxynitrite scavengers
5.1.1 Introduction
The highly reactive peroxynitrite ion (ONOO), is formed from the reaction of 
NO with 0 2' in mitochondria (Radi et al., 2002). The rate at which NO combines with 
0 2‘ is greater than the rate at which Cu/Zn SOD and Mn SOD dismutate 0 2\  From 
estimates of the relative concentrations of each of these ions and enzymes it seems 
highly probable that ONOO' formation cannot be prevented in vivo (Groves, 1999).
Figure 5.1.1 illustrates intracellular events that occur as a result of ONOO' 
formation from NO and 0 2*. ONOO' exists as both the ion and the acid (peroxynitritous 
acid, ONOOH) in solution. Both these species can combine with carbon dioxide (a 
product of mitochondrial respiration, so an event which is likely to happen frequently in 
vivo) to form the highly reactive carbonate ion as well as nitrogen dioxide and hydrogen 
peroxide.
There has been great interest in the development of pharmacological agents that 
can attenuate nitrosative and oxidative damage, and their downstream effects, and many 
such compounds are proven to be effective in lessening disease-associated pathologies 
(Baker et al., 1998; Cuzzocrea et al., 1998a; Cuzzocrea et al., 1998b; Liaudet et al., 
2000; Pong et al., 2001; Scott et al., 2001; Szabo et al., 1998). However, it is unclear 
whether C. elegans produces peroxynitrite via the reaction of nitric oxide with 
superoxide (NO* + 0 2*- -» ONOO ) since the C. elegans genome does not contain 
genes encoding nitric oxide synthase (NOS) or any of the NOS-cofactor genes (e.g. 
pterins) that are essential to NOS function (Kone et al., 2003). However, ONOO' can 
potentially be produced by alternative mechanisms (Halliwell and Gutteridge, 1999)
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and C. elegans may posess an as yet unidentified NOS. Thus, the importance of 
nitrositive stress in ageing in this organism is uncertain. If nitrositive stress does occur, 
and does contribute to ageing, then one would expect ONOO' scavengers to enhance C. 
elegans longevity. If it is not important in C. elegans ageing, no effect on lifespan will 
be observed. However, such an outcome could also be due to the compound being 
ineffective or inactive in vivo.
Fig, 5.1.1: Peroxynitrite formation and reactivity pathways Proteins highlighted in red are
damaged/compromised by ONOO': Those in blue are potential scavengers of ONOO' and its derivatives. 
Adapted from (Radi et al., 2002).
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To explore the possible role of nitrositive damage in nematode ageing I 
employed the compound FP15, which is a metalloporphyrinic peroxynitrite 
decomposition catalyst (Pacher et al., 2003), that accelerates the naturally occurring 
breakdown of ONOO' to nitrite and nitrate.
5.1.2 Methods and results
Nematodes were treated with FP15 throughout adulthood. Each trial was
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conducted at 20°C, from L4 stage (=day 0). A 40mM stock solution of FP15 was 
prepared in deionised water, nanopore filtered and stored at 4°C until use. The solid is 
a fine black powder, which when dissolved gave an inky black solution. On the day of 
use appropriate concentrations of stock solution were added to E. coli OP50 monoxenic 
liquid medium and diluted with S medium to give the appropriate concentration of FP15 
and a final cell concentration of lx l09cells/ml.
20mM was the recommended physiological dose (Csaba Szabo, Inotek 
Corporation, pers. comm.). However, this concentration killed the nematodes within 48 
hours (data not shown). 10-fold and 20-fold lower doses caused an approximate 
halving of median lifespan compared with the control (Table 5.1.1, Figure 5.1.2, P 
<0.0001 for both treatments). Thus, FP15 still appears weakly toxic at these 
concentrations.
Note that comparison of the control survival curves for this and the two 
subsequent trials reveals early deaths and a lack of rectangularity in the control curve 
for this first trial. By contrast the curves for the next two trials are rectangular, and 
represent more typical patterns of senescence for wild-type worms. This should be 
borne in mind when interpreting the results shown here and those discussed in Section
5.2.2, since these trials share common untreated controls.
Next, lower doses of FP15 were tested (0.1,0.5pM). Although these doses were 
less toxic (Table 5.1.2, Figure 5.1.3) there was still a significant decrease in lifespan 
relative to the control (P <0.0001 for both treatments). A further 10- and 5-fold 
reduction in dose from O.lpM to O.OlpM and 0.05 p,M was therefore tested. At these 
doses only slight reductions in lifespan were seen though these were significant (P = 
0.0290 and P = 0.0015, respectively).
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Table 5.1.1: Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
Dose of FP15 
(pM)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
control (med.)
Upper
95%
N C P
0 17.6±0.3 19 - 29 86 17 -
1 11.8±0.5 10 -47 17 58 43 <0.0001
2 9.5±0.4 10 -47 14 54 44 <0.0001
l.s.: lifespan. N =senescent deaths. C =censored animals. P = probability that survival curves of treated
worms are significantly different from that of the control (Log-rank test).
Fig. 5.1.2: Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
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Table 5.1.2; Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
Dose of FP15 
(liM)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
control (med.)
Upper
95%
N C P
0 22.4±0.6 24 - 32 80 15 -
0.1 16.5±0.7 18 -25 29 81 19 <0.0001
0.5 17.6±0.6 15 -37.5 28 85 13 <0.0001
l.s.: lifespan. N =senescent deaths. C =censored animals. P = probability that survival curves of treated
worms are significantly different from that of the control (Log-rank test).
Fig. 5.1.3: Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
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Table 5.1.3: Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
Dose of FP15 
(pM)
Mean l.s. 
(days) (±SE)
Median 
l.s. (days)
% diff. from 
control (med.)
Upper
95%
N C P
0 21.9±0.6 22 - 22 77 21 -
0.01 20.0±0.7 19 -14 22 75 18 0.0290
0.05 18.5±0.6 19 -14 19 62 22 0.0015
0.1 14.2±0.7 13 -40 16 54 23 <0.0001
l.s.: lifespan. N =senescent deaths. C =censored animals. P = probability that survival curves of treated 
worms are significantly different from that of the control (Log-rank test).
Fig. 5.1.4: Effect of the peroxynitrite scavenger FP15 on C. elegans lifespan
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5.1.3 Conclusion
The peroxynitrite scavenger FP15 did not extend lifespan in wild-type worms. Across 
the dose range 0.1 -2pM significant dose-dependent toxicity was observed, leading to 
reduced lifespan. The two lowest doses tested, 0.01 and 0.05 jxM, did significantly 
reduce lifespan, though to a lesser degree. It remains feasible that a drug dose at which 
life extension occurs exists below O.OljxM FP15.
5.2 Poly (ADP-ribose) polymerase (PARP) inhibitors
5.2.1 Introduction
One of the consequences of superoxide, peroxynitrite and hydroxyl radical 
formation during respiration, and as a result of disease pathologies, is damage to 
biologically important macromolecules, including DNA. Damage to DNA usually 
manifests as single or double strand breaks, which must be efficiently repaired prior to 
transcription or DNA replication and cell division. If not there results erroneous protein 
synthesis and the perpetuation of DNA mutations.
The great length of the DNA molecule that comprises each chromosome poses the 
question of how the machinery of DNA repair find  DNA breaks in an efficient manner 
in order to repair them, before potentially catastrophic replication and translation of 
damaged sequences occurs. Poly(ADP-ribose) polymerase (PARP) enzymes provide 
part of the answer. These enzymes bind to single- and double-stranded breaks; this 
triggers the catalytic region of the PARP to begin ADP-ribosylating the surrounding 
nucleic acids, histones and other PARPs, forming a branching mass of poly ADP- 
ribosylation in the region of DNA damage, using cellular pools of NAD+ as its 
substrate. These branching chains act not only as a ‘flag’ to DNA repair enzymes, but 
also facilitates their passage to the region of DNA damage as they navigate along the 
chains to the point of actual breakage.
PARPs appear to be important in the maintenance of genomic stability in dividing 
cells, and poly ADP-ribosylation capacity of mononuclear leucocytes has been shown to 
correlate with lifespan in comparative studies of mammalian species (Muiras and 
Burkle, 2000). In humans, lymphoblastoid cell lines derived from centenarians 
demonstrated a higher poly ADP-ribosylation capacity than controls. Experimental cell 
lines were obtained from a group of French centenarians, and control cell lines from 
adults aged 20-70 years old from the same region (Muiras and Burkle, 2000).
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Fig. 5.2.1. Schematic of poly(ADP-ribosylation) of DNA, which occurs as a result of oxidant-mediated 
strand breakage, and its inhibition by exogenous PARP inhibitors
There is much controversy over the role damaged DNA plays in ageing, specifically 
mitochondrial DNA damage: Proponents of the mitochondrial theory of ageing believe 
that mtDNA mutations and deletions, resulting in the accumulation of damaged 
mitochondria in cells, is the driving force of the ageing process (Kowald, 1999). 
Whether PARPs play a role in mtDNA repair is not yet clear (Klaidman et al., 2003) but 
PARP-inhibition and over-expression could prove to be useful tools when investigating 
the mitochondrial theory of ageing, a theory which has yet to be satisfactorily tested 
(Jacobs, 2003).
By contrast, it has also been suggested that excessive PARP activation is a 
proximal cause of disease pathologies that are initiated by an oxidant burst, including 
arthritis (Szabo et al., 1998), stroke (Endres et al., 1998), hemorrhagic shock (Liaudet et 
al., 2000), diabetic endothelial dysfunction (Soriano et al., 2001) and brain injury 
(Satchell et al., 2003). Investigators have found that the use of PARP inhibitors to 
abrogate PARP activation in the above cases has reduced the pathology of such 
conditions. However, doses that protect against brain injury have also impaired 
learning in mice (Satchell et al., 2003) highlighting the need to establish physiologically 
safe doses of these compounds by testing a variety of responses to the drug. Thus, 
based on different findings, one may hypothesise that inhibition of PARP might either 
accelerate or retard ageing.
If PARP activation helps maintain genomic integrity and therefore retards 
ageing, the addition of PARP inhibitors would be expected to reduce C. elegans 
lifespan. This outcome would be indistinguishable from drug toxicity, however. If the
PARP
PARP
Ribosylation
 inhibitor
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reverse is true and PARP activation contributes to the pathology of ageing and age- 
associated disease, then PARP inhibitors should extend C. elegans lifespan, and thus 
will yield an informative result.
The PARP inhibitors used in the present study were:
INH2BP (5-iodo-6-amino-l,2-benzopyrone, C9H6IN02, MW=287.1), and 
PJ34 (N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-N,N-dimethylacetamide.HCl, 
C17H17N3.0 2, MW=295.2.36.5). (inotekcorp.com).
5.2.2 Methods and results
Trials were conducted as described above (Section 5.1.2). The solid INH2BP is a fine, 
canary yellow powder that dissolves weakly in water. A 0.2M solution in DMSO was 
prepared and diluted ten-fold in deionised water to a 200mM stock solution. Solid 
PJ34, a fine white powder, was dissolved in deionised water to give a colourless 1.5mM 
stock solution. Both stocks were 0.2pm-filtered and stored at 4°C until use. On the 
day of use appropriate volumes of each stock solution were added to E. coli OP50 
monoxenic liquid medium and diluted with S medium to give the relevant treatment 
concentration and a final cell concentration of lx l09cells/ml.
INH2BP: The initial doses tested, 50 pM and lOOpM (Table 5.2.1, figure 5.2.2) 
resulted in dose dependent toxicity (P<0.0001 for both). This implies at least that 
INH2BP is taken up by C. elegans. Three lower doses were therefore tested (Table
5.2.2, Figure 5.2.3). 25pM was toxic (P=0.0003) but 2.5pM and lOpM were not. 
Although populations treated with the lower two doses exhibited slightly reduced 
median lifespan, survival curves were not significantly different from that of the control 
(P=0.3631, P=0.3364). The fact that increasing INH2BP concentration four-fold from
2.5 pM to lOpM does not reduce lifespan strongly implies that the very slight reduction 
in lifespan seen at both doses is not an effect of the presence of the compound.
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Table 5.2.1: Effect of poly (ADP-ribose) polymerase inhibitors INH2BP and PJ34 on C. elegans 
lifespan________ _________________________ ______________ ________ ______________ ________
Dose of PARP 
inhibitor 
OaM)
Mean l.s. 
(days) (±S.E.)
Median 
l.s. (days)
% diff. from 
control 
(median)
Upper
95%
N C P
0 17.6±0.3 19 - 29 86 17 -
1.5 PJ34 20.4±0.5 21 +11 27 70 30 0.1249
3 PJ34 20.9±0.6 21 +11 29 73 28 <0.0001
50 INH2BP 14.0±0.7 14 -26 22 78 26 <0.0001
100 INH2BP 8.9±0.7 10 -47 16 56 29 <0.0001
l.s. = lifespan; N = senescent deaths; C = censored animals; P = probability that survival curves of 
treated worms are significantly different from that of the control (Log-rank test)
Fig. 5.2.2: Effect of poly (ADP-ribose) polymerase inhibitors INH2BP and PJ34 on C. elegans 
lifespan. NB: N2 survival curve is atypical (see section 5.1.2).
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Table 5.2.2: Effect of poly (ADP-ribose) polymerase inhibitors INH2BP and PJ34 on C. elegans 
lifespan_______________________ ___________ ____________ ________________________ ________
Dose of PARP 
inhibitor 
(pM)
Mean l.s. 
(days) (±SE)
Median 
l..s. (days)
% diff. from 
control 
(median)
Upper
95%
N C P
0 22.4±0.6 24 - 32 80 15 -
3 PJ34 20.1±0.6 18 -25 30 63 37 0.0086
6 PJ34 20.1 ±0.6 21 -12.5 29 75 25 0.0081
15 PJ34 19.9±0.7 18 -25 29 68 30 0.0158
2.5 INH2BP 21.5±0.6 21 -12.5 30 86 13 0.3631
10 INH2BP 21.8±0.6 21 -12.5 29 83 14 0.3364
25 INH2BP 19.4±0.5 18 -25 28 88 10 0.0003
l.s. = lifespan; N = senescent deaths; C = censored animals; P = probability that survival curves of 
treated worms are significantly different from that of the control (Log-rank test)
Fig. 5.2.3: Effect of poly (ADP-ribose) polymerase inhibitors INH2BP and PJ34 on C. elegans 
lifespan
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Table. 5.2.3: Effect of poly (ADP-ribose) polymerase inhibitors INH2BP and PJ34 on C. elegans 
lifespan________ ______________ ________________________ ________________________ ____
Dose of PARP 
(\iM)
Mean l.s. 
(days) (±SE)
Median
l.s. (days)
% diff. from 
control
Upper
95%
N C P
0 21.9±0.3 22 - 32 77 21 -
0.5 PJ34 20.0±0.6 19 -14 31 80 20 0.5698
1 PJ34 18.5±0.7 19 -14 30 82 16 0.1429
3 PJ34 14.2±0.6 19 -14 29 82 18 0.1581
l.s. = lifespan; N = senescent deaths; C = censored animals; P = probability that survival curves of 
treated worms are significantly different from that of the control (Log-rank test)
Fig. 5.2.4: Effect of poly (ADP-ribose) polymerase inhibitor PJ34 on C. elegans lifespan
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PJ34: Significant increases in lifespan were observed in the first trial for the doses 
1.5p,M and 3|xM (Table 5.2.1, Figure 5.2.2, P<0.0001). However, these increases were 
almost certainly an artefact of the atypical and reduced survival pattern of the control 
population in this trial and it is most likely that PJ34 does not affect survival at these 
concentrations. Two- and five-fold higher doses were therefore tested (Table 5.2.2, 
Figure 5.2.3). Here weak toxicity was observed at all doses, surprisingly in a non-dose 
dependent fashion. Lower doses were therefore tested (0.5pM, lp,M, 3pM) but as in 
the first trial these did not affect survival (Table 5.2.3, Figure 5.2.4). The lifespan 
shortening effect of 3p,M PJ34 seen in the second trial (P =0.0086, Table 5.2.3) was not 
seen in the third trial (P = 0.1581, Table 5.2.3 and Figure 5.2.4).
These results imply that below 3pM, PJ34 has no effect on lifespan, and above 
this concentration is toxic. However, given the absence of dose-dependency in the life 
shortening effects of 3pM, 6pM and 15pM PJ34 (Table 5.2.2, Figure 5.2.3) there is a 
small possibility that this effect is an experimental artefact and that the active 
concentration of FP15 is greater than 15pM.
5.2.3 Conclusion
PARP inhibitors do not extend the lifespan of wild-type worms. A range of doses 
were tested, from highly toxic to those which had no discernible effect on lifespan, to 
avoid missing a therapeutically useful dose. These results do not support the hypothesis 
that PARP activation limits lifespan. However, it remains possible that neither 
compound is active as a PARP inhibitor in C. elegans.
5.3 Superoxide dismutase/catalase mimetics
5.3.1 Introduction
According to one theory, ageing is caused by damaging oxygen radicals produced in 
vivo as a natural by-product of aerobic respiration (Harman, 1956). Although much 
correlative evidence is consistent with this theory it remains unproven, and at times it is 
treated as an almost unproven fact. A recent review cites over thirty studies, involving 
both genetic and pharmacological manipulations, which the authors claim provide direct 
(as opposed to correlative) support for the oxidative stress theory of ageing. The 
validity of several of these studies have previously or since been questioned, but no 
mention is made of such negative results (Golden et al., 2002).
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A key prediction of the oxidative stress theory of ageing is that enhancement of 
in vivo antioxidants ought to retard ageing. This expectation has been tested extensively 
in several model organisms (c.f. Section 1.3 and Section 5.0), including C. elegans, with 
largely negative results. In C. elegans, such investigation has been confined largely to 
studies involving treatment with non-catalytic antioxidants (see Section 5.0). Given the 
complex and somewhat contradictory results of SOD over-expression studies in 
Drosophila, it would be of interest to perform similar studies in C. elegans. However, 
in a recent C. elegans study the SOD over-expression and antioxidant treatment 
approaches have been combined by means of treatment with low molecular weight 
compounds with SOD activity. These are the salen-manganese compounds EUK-8 
(manganese Af,AT-bis(salicylidene)ethylene-diainine chloride) and EUK-134 
(manganese 3-methoxy A,A"-bis(salicylidene)ethylene-diamine chloride) (Figure 
5.3.1).
Biochemical analysis of EUK-8 established it as a superoxide dismutase 
mimetic by following its ability to inhibit the reduction of nitroblue tertazolium (NBT) 
produced by the oxygen free radical generating system xanthine plus xanthine oxidase 
(Baudry et al., 1993). The effectiveness of EUK-8 and EUK-134 as antioxidants under 
conditions of physiological oxidative stress has also been shown, both in vitro and in 
vivo. Amyloid peptide ()SAP)-induced neurotoxicity is thought to be mediated by 
oxygen free radicals. EUK-8 has been shown to ameliorate /SAP-induced neurotoxicity 
in organotypic hippocampal cultures (Bruce et al., 1996). Both EUK-8 and EUK-134 
provided protection against ischemic brain injury in a rat stroke model, with EUK-134 
being shown to have a substantially greater protective ability (Baker et al., 1998). It 
was suggested that this might be due to the greater catalase activity of EUK-134. 
Further studies utilising EUK-134 reported protective effects against free-radical 
induced apoptosis and mitochondrial dysfunction, following treatment of cultured 
cortical neurones with staurosporine (Pong et al., 2001), as well as against endotoxin- 
induced organ injury in rats (Bianca et al., 2002).
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Fig. 5.3.1: The molecular structure of EUK-8 and EUK-134 (taken from (Baker et al., 1998) X = H 
for EUK-8 , and OCH3 for EUK-134
X  X
EUK-8 and EUK-134 catalyse the breakdown of 0 2 and H20 2. 0 2" is dismutated 
when it reduces Mn(III) to Mn(II), whereby 0 2' is oxidised to 0 2 (reaction 1, below). 
This Mn(II) is subsequently oxidised back to Mn(III) by another molecule of 0 2\  
yielding H20 2 (reaction 2). This mechanism is very similar to that of MnSOD (Sharpe 
et al., 2002).
Mn(III) + 0 2- Mn(II) + 0 2 (1)
2H+ + Mn(II) + 0 2 Mn(III) + H20 2 (2)
EUK-8 and EUK-134 also demonstrate weak catalase activity in vivo. The 
mechanism by which they do so is as follows: H20 2 oxidises Mn-salen to oxoMn-Salen 
(Mn(V)O2 ), releasing water (reaction 3, below). The oxoMn-salen is then reduced by 
another molecule of H20 2 to regenerate Mn-salen and generate water and 0 2 (reaction 
4) (Sharpe et al., 2002).
Mn(III) + H20 2 Mn(V)02' + H20  (3)
Mn(V)02' + H20 2 -» Mn(III) + H20  + 0 2 (4)
Whether SCMs have catalase activity in vivo is unclear. Treatment of C. 
elegans with EUK-8 does not detectably increase catalase activity in whole lysates (F. 
Matthijssens and J. Vanfleteren, pers. comm.).
In September 2000 it was reported that the manganese-salen complexes EUK-8 
and EUK-134 extend the lifespan of wild-type worms (Melov et al., 2000). EUK-134 
was shown to rescue the short-lived phenotype of an oxidative stress sensitive mutant, 
m ev-1, identified by its susceptibility to the superoxide generator paraquat. 
Surprisingly, the lifespan extending effects of EUK-8 and EUK-134 were identical 
across a range of doses from 0.05mM to lOmM. Fertility measurements performed on
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untreated and EUK-8 treated worms were identical, showing that SCMs prolong 
lifespan without any concomitant effect on fecundity (Melov et al., 2000).
This study seemed to provide direct evidence, for the first time, that oxidative 
stress, in particular superoxide and hydrogen peroxide production, were central to the 
determination of lifespan in C. elegans, and potentially to all ageing organisms. It 
seemed that the oxidative stress hypothesis of the proximal causes of ageing was 
correct, and work could begin on optimising the attenuation of oxidative damage using 
pharmaceutical interventions. However, more recently a study of the housefly Musca 
domestica showed that SCMs do not increase lifespan or attenuate oxidative damage 
(Bayne and Sohal, 2002). Likewise, SCMs were not found to increase lifespan in the 
fruit fly Drosophila (M. West and L. Partridge, pers. comm.).
An unusual aspect of the work reported in Melov et al. (2000) is the absence of a 
dosage-effect. A 200-fold increase in dose range for both EUK-8 and EUK-134, from 
0.05mM to lOmM led to similar increases in lifespan relative to controls. The results 
also suggest that nematodes were dietary restricted: Brood sizes of untreated
hermaphrodites were 76±14. This compares with 274±37 on NGM (Gems et al., 1998) 
and 273 under optimal liquid culture (i.e. when reproduction is maximal) (Klass, 1977). 
Dietary restriction reduces fertility in C. elegans (Klass, 1977), as in other organisms. 
The E. coli concentration used by Melov et al. (2000) is not reported.
5.3.2 Methods and results
Solid EUK-8 and EUK-134 are fine dark-brown powders with a phenolic odour. EUK- 
134 is slightly paler in hue than EUK-8. lOmM stock solutions of each were prepared 
in deionised water: Both compounds are poorly soluble, requiring vigorous agitation 
and gentle heating (~40-50°C) for 20-30 minutes to ensure complete dissolution. Stock 
solutions above 15mM are not recommended: If the stocks are kept in the fridge 
crystals of EUK-8/EUK-134 come out of solution. Stocks were 0.2pM-pore filtered 
and stored at 4°C until use. Treatment media (monoxenic- and axenic-liquid) were 
prepared by adding appropriate volumes of stock solution to concentrated food and 
diluting as appropriate to achieve the relevant drug and food concentrations 
(lx l09cells/ml E. coli OP50 monoxenic medium and 100% axenic medium). EUK-8 
and EUK-134 were applied during adulthood only, and experimental animals were 
transferred to fresh medium every 2-3 days. All trials were conducted at 20°C. Details
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of individual trials are given below.
One possibility is that the differences between the results of Melov et al. (2000) 
and those reported here is due to different sources of SCM. The experiments outlined 
below were performed using EUK-8 and EUK-134 kindly supplied by M. Sharpe 
(Institute of Neurology, UCL) and R. G. A. Faragher (University of Brighton), whereas 
the Lithgow and Melov groups obtained theirs from Eukaryon Inc, (Bedford, MA, 
USA). However, preliminary trials by D. Gems at UCL did not see any increase in C. 
elegans lifespan upon treatment with EUK-8 obtained from Eukaryon Inc. Further, 
EUK-8 and EUK-134 are easy to synthesise (Section 2.9), and their relatively simple 
molecular structure (Figure 5.3.1) may readily be verified using NMR post-synthesis 
(Baker et al., 1998). Thus it is not possible that differences in drug source can explain 
the discrepancies.
Effect o f EUK-8 on C. elegans lifespan in monoxenic liquid culture 
Initial trials were conducted in an attempt to replicate the work of Melov et al. (2000) 
with the idea that SCMs would be useful experimental tools to elucidate the 
mechanisms by which ageing occurs in C. elegans. Here EUK-8 from University of 
Brighton was used. Dose-dependent reduction of lifespan was observed in two trials, 
which were run consecutively (Table 5.3.1, Figure 5.3.2). While 0.05mM EUK-8 had 
no effect on C. elegans lifespan, 0.5mM and 5mM both reduced lifespan (P< 0.0001 in 
both trials for both doses). This suggests that EUK-8 is toxic above 0.05mM.
Table 5.3.1: Effect of EUK-8 on lifespan of wild-type C. elegans
Dose of EUK-8 
(mM)
Mean l.s. 
(days) ±S.E.
Median l.s. 
(days)
% diff. from 
control median
Upper
95%
N C P
Trial 1
0 21.3±0.5 21 - 26 63 35 -
0.05 21.1±0.5 21 0 26 75 29 0.8084
0.5 16.8±0.5 16 -24 23 86 16 <0.0001
5 3.6±0.1 4 -81 5 102 1 <0.0001
Trial 2
0 20.0±0.6 21 - 26 72 32 -
0.05 20.6±0.8 21 0 26 74 25 0.8168
0.5 14.7±0.4 16 -24 21 89 18 <0.0001
5 3.8±0.1 4 -81 5 100 0 <0.0001
Two trials were conducted to determine the effect of EUK-8 on lifespan, using the doses employed by 
(Melov et al., 2000). l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from 
senescent death; C = number of animals censored; P = probability that survival curve is significantly 
different from that of the control (Log-rank test).
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Fig. 5.3.2: The effect of EUK-8 on lifespan in C. elegans Two trials were conducted using the 
concentrations of EUK-8 cited in (Melov et al., 2000).
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Why the life extending effects of SCMs on lifespan seen by Melov et al. (2000) were 
not seen here is unclear. The Melov et al. (2000) findings have been widely cited as 
support for the oxidative damage theory of ageing (November 2003: 182 citations 
listed in Web of Science). This work has also received coverage in the popular media 
(e.g. front page, The Times, 1st September 2000, and ’How to Build a Human', BBC2 
[UK television], 3rd February 2002, 9.00-9.50pm), and it is likely that this has 
contributed to public belief in the efficacy of antioxidant dietary supplements as 
inhibitors of ageing. Thus, if it is untrue that SCMs extend C. elegans lifespan, it is 
highly important to know this for certain.
One suggestion was that our failure to see lifespan extension upon treatment 
with EUK-8 might be due to our cultivar of E. coli OP50 food source metabolising the 
drug (G. Lithgow, pers. comm.2). However, to exclude this possibility, all trials of the 
effect of EUK-8 and EUK-134 on ageing in monoxenic culture described in this chapter 
were performed with E. coli OP50 newly ordered from the Caenorhabditis Genetics 
Centre (CGC)(University of Minnesota). Thus, if the OP50 cultivar is able to 
metabolise and inactivate EUK-8 and EUK-134, then this would suggest that E. coli 
OP50 was not the bacterium used by Melov et al., although they reported that it was.
Effect of EUK-8 on lifespan in axenic liquid culture
To explore the possibility that EUK-8 is inactivated by E. coli OP50, lifespan trials 
were performed using axenic culture (Vanfleteren and De Vreese, 1995). Possibly the 
bacteria metabolise the drug to some toxic by-product which reduces lifespan (although 
this would not account for the discrepancy between our results and those of Melov et al. 
(2000). Because of the greatly enhanced longevity conferred by culture in axenic 
medium, trials were conducted at 25°C. Appropriate volumes of EUK-8 stock solution 
were added to 200% axenic medium and diluted with sterile deionised water to give a 
final concentration of 100% axenic medium for all treatments. Stock solutions of 
axenic medium, treatment media and also media from the wells in which experimental 
animals were maintained were regularly tested for microbial contamination by streaking 
onto NGM agar and examining the plates for microbial growth after overnight 
incubation at 37°C.
Two trials were carried out (Table 5.3.2, Figure 5.3.3). In the first trial lifespans
2 This suggestion was made after an informal discussion of the results of preliminary trials, the data for 
which is not shown.
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are much shorter than those of the second, as is the control lifespan. By comparison of 
the control lifespan with data from section 3.4 and with the N2 control lifespans 
reported by investigators from the Vanfleteren lab (Braeckman et al., 2000; Vanfleteren 
and De Vreese, 1995), the short lifespans seen in the first trial are anomalously short.
In the second axenic liquid culture trial, similar results were observed as in 
monoxenic liquid culture trials, with 0.5 and 5mM EUK-8 leading to significant 
differences in survival compared to the control. The relative magnitude of the lifespan 
reduction was also similar to that seen in monoxenic culture, with slight reduction in 
lifespan at 0.5mM, and severe reduction at 5mM. This implies that variation in degree 
of inactivation of EUK-8 by bacterial food source does not account for the difference 
between these results and those reported by Melov et al. (2000). However, the 
possibility remains that a bacterial (or other) contaminant in the Melov et al. (2000) 
study potentiated the antioxidant (or other) capacities of SCMs, causing them to extend 
lifespan.
Thus, the reasons why our results differ remain unclear. It is possible that 
EUK-134 is more active than EUK-8 (Baker et al. (1998), G. Lithgow pers. comm.). 
Most of the SCM lifespan trials reported by Melov et al. (2000) employed EUK-134. 
Perhaps if the above experiments had been performed with EUK-134 rather than EUK- 
8, a positive effect on longevity would have been seen (investigated below). 
Furthermore, in the above studies nematodes were transferred to fresh culture medium 
less frequently than previously reported - Every 2-3 days throughout lifespan including 
the reproductive period - whereas in the Melov et al. (2000) study, animals were 
transferred daily throughout reproduction and every 2-3 days thereafter. These points 
are addressed below. Finally it is highly likely that Melov et al. (2000) used a 
concentration of E. coli that causes DR, whereas the trials reported here were performed 
under conditions of high nutrition (lxlO9 cells/ml in liquid).
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Table 5.3.2: Effect of EUK-8 on lifespan of C. elegans in axenic culture
Treatment 
(mM EUK-8)
Mean l.s. 
(days) ±S.E.
Median l.s. 
(days)
% diff. from 
control
Upper
95%
N C P
1-r
Trial I
0 22.8+1.2 26 - 29 19 70 -
0.05 21.7±1.4 26 0 30 30 72 0.6280
0.5 20.3±0.8 22 -15 29 49 47 <0.1695
Trial II
0 33.8±0.8 33 - 29 61 38 -
0.05 33.5±0.7 33 0 30 65 35 0.5215
0.5 24.8±1.1 31 -8 29 76 22 <0.0001
5 5.5±0.3 5 -85 7 98 0 <0.0001
Two trials were conducted to determine the effect of EUK-8 on lifespan, using the doses employed by 
(Melov et al., 2000). l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from 
senescent death; C = number of animals censored; P = probability that survival curve is significantly 
different from that of the control (Log-rank test)
Fig. 5.3.4: Effect of EUK-8 on lifespan of C. elegans in axenic culture. Two trials were conducted 
using the concentrations of EUK-8 cited in (Melov et al., 2000)
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Effect of EUK-8 on fertility
Melov et al. (2000) also reported that EUK-8 and EUK-134 do not affect development 
or fertility at 0.5mM. To verify this, brood counts using the same doses of EUK-8 
(0.05mM, 0.5mM and 5mM) and E. coli OP50 concentration employed in the lifespan 
analyses described above were conducted.
Similar to the results of the lifespan analyses (above), EUK-8 caused a dose- 
dependent reduction in brood size (Table 5.3.3, Figure 5.3.4). 5mM EUK-8 strikingly 
and significantly reduced brood size relative to the control in three trials (no data are 
available for trial IV because all 5mM EUK-8 treated worms died before the end of the 
reproductive period). This strongly suggests that 5mM EUK-8 is toxic to C. elegans. 
0.5mM EUK-8 significantly reduced brood size in the first and fourth trial, but not in 
the second and third. 0.05mM significantly reduced brood size in the fourth trial only 
(P <0.05). Thus, there is a dose-dependent effect of EUK-8 on brood size. These 
results differ from those reported by Melov et al. (2000), where mean (±S.E.) brood 
sizes from one trial (n=6 for both untreated and 0.5mM treated nematodes) were 
reported. The untreated brood sizes reported here are much greater, and 0.5mM 
significantly reduces brood size in two of the trials.
Nutrition and fertility
One possible explanation for the differences between the data shown and the previously 
published data was the failure to precisely replicate experimental conditions (G. 
Lithgow, pers. comm.). In an attempt to rule this out, trials were conducted using EUK- 
8 and EUK-134, administered, as far as possible, as described by Melov et al. (2000). 
One difficulty with doing this was that the investigators did not specify the 
concentration of E. coli OP50 used in their monoxenic culture. They did report brood 
sizes, however, and since brood size varies with E. coli concentration, it was possible to 
estimate the E. coli concentration used by establishing the effect of a range of E. coli 
concentrations on fertility (Table 5.3.4, Figure 5.3.5), and comparing my results with 
those reported. Given their published brood size for untreated worms (n = 76±6), it was 
estimated that they used a cell concentration of approximately 5xl07 cells/ml. Using 
this brood size and their reported sample size, 95% confidence intervals were calculated 
and a comparison made with the brood size for 5xl07 cells/ml (Table 5.3.5, Figure 
5.3.6). There is no difference between the brood size obtained using 5xl07 cells/ml, 
and that reported in Melov et al. (2000).
Table 5.3.3: Brood size in EUK-8 treated C. elegans.
Dose of EUK-8 (mM)
0 0.05 0.5 5
Trial I
Mean (±S.E.) 128±8 115±7 111±4 12±3
N 10 12 13 6
P - 0.1128 0.0352 <0.0001
Trial II
Mean 128±7 126±5 118±5 8±3
N 14 15 10 3
P - 0.4090 0.1352 <0.0001
Trial HI
Mean 190±6 199±5 176±8 22±17
N 19 18 19 2
P - 0.1408 0.0852 0.0184
Trial IV
Mean 190±6 165±8 165±6 ND
N 11 11 19 ND
P - 0.0441 0.0126 ND
Four trials were conducted to determine the effect of EUK-8 on brood size, using the doses cited in 
(Melov et al., 2000). S.E.= standard error of the mean; N = number of broods counted; P -  probability 
that brood size is significantly different from the control (one-tailed Student’s t test); ND = no data 
available
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Fig. 5.3.4: Brood size in EUK-8 treated C. elegans. Four trials were conducted to determine the effect of 
EUK-8 on brood size across a range of EUK-8 concentrations.
NB: y axes scales vary. Mean broods were compared to that of the control using a one-tailed Student’s t 
test. * P< 0.05; *** P <0.0005
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Table 5.3.4: Effect of varying nutrition on brood size in C. elegans
Cells/ml 5xl07 1x10s 5xl08 lxlO9
Mean (±S.E.) 75±7 113±38 211±12 176±5
N 10 9 11 11
Tukey’s HSD A B C D
N = number of broods counted; ANOVA revealed highly significant differences between all treatments. 
Tukey’s HSD = Tukeys Honestly significant difference test: Performed to test which treatments are 
significantly different from each other. Treatments not connected by the same letter are significantly 
different.
Fig. 5.3.5: Effect of varying nutrition on brood size in C. elegans
1x10 8 5x10 8
E. coli OP50 concentration (cells/ml)
ANOVA revealed highly significant differences between all treatments. Tukey’s HSD = Tukeys 
Honestly significant difference test: Performed to test which treatments are significantly different from 
each other. Treatments not connected by the same letter are significantly different.
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Table 5.3.5: Comparison of brood sizes measured at E. coli OP50 concentration of 5xl07 cells/ml with 
that reported in (Melov et al., 2000)_____________________________ ____________________________
Broods This study Melov et al (2000)
means 75.3 76.0
N 10 6
95% confidence 4.8 36.8
C.I. = confidence interval; N = number of animals used to determine brood sizes
Fig. 5.3.6: Comparison of mean brood sizes (±95% C.I.) measured at E. coli OP50 concentration of 
5xl07 cells/ml with that reported in (Melov et al., 2000)
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Careful replication ofSCM lifespan tests of Melov etal. (2000)
The experimental conditions used by Melov et al. (2000) to test the effects of SCMs on 
ageing were repeated as closely as possible by transferring to fresh medium every day 
during the egg laying period and every second day thereafter. Three cell concentrations 
were used: Two lying closely on either side of that used in Melov et al. (2000) (2.5xl07 
cells/ml and 7.5xl07 cells/ml), and one which appears optimal for fitness in C. elegans, 
since it maximises fertility (lxlO9 cells/ml). Two such trials were performed using 
EUK-8 (Tables 5.3.6-7 and Figures 5.38.7-8) and two using EUK-134 (Tables 5.3.8-9 
and Figures 5.3.9-10).
Varying nutrition in two trials had no effect on the dose-dependent reduction in 
lifespan resulting from EUK-8. The doses 0.5mM and 5mM EUK-8 shortened lifespan 
at all E. coli concentrations in both trials (Tables 5.3.6, 5.3.7) (with the exception of 
0.5mM EUK-8 at 2.5xl07 cells/ml in the first trial, P = 0.1203). 0.05mM EUK-8 had 
no effect on lifespan at any food concentrations in either trial.
Similarly, EUK-134 did not extend lifespan in C. elegans in two separate trials, 
and a similar dose-dependent reduction of lifespan was observed. The doses 0.5mM and 
5mM EUK-134 were toxic at all food concentrations in both trials (Tables 5.3.8, 5.3.9) 
(with the exception of 0.5mM EUK-134 at 2.5xl07 cells/ml in the second trial, P = 
0.051). 0.05mM EUK-134 had no effect on lifespan at all food concentrations and in 
both trials.
Thus despite close replication of the methods outlined in Melov et al. (2000), 
neither EUK-8 and EUK-134 extended lifespan but displayed the same dose-dependent 
reduction in lifespan as seen in earlier trials. Thus the differences between the earlier 
findings described here and those of Melov et al. (2000) cannot be explained by the 
differing E. coli concentrations used. Moreover, EUK-134 behaves no differently to 
EUK-8.
An interesting point to note is the absence of an effect on lifespan when nutrition 
is reduced, except in trial one, where survival of untreated worms at 2.5xl07 cells/ml is 
significantly reduced relative to that of the lxlO9 cells/ml control (P = 0.0031) (Table 
5.3.10).
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Treatment 
cells/ml, mM EUK-8
Mean l.s. 
(days)± S.E.
Median 
l.s. (days)
% diff. from 
control
5------
Upper
95%
N C P
lxlO9, 0 26.0±1.0 25 - 31 80 20 -
lxlO9, 0.05 25.2±0.9 25 0 33 95 5 0.0625
lxlO9, 0.5 20.1 ±0.5 22 -22 27 48 54 <0.0001
lxlO9, 5 7.7±0.3 8 -68 11 36 57 <0.0001
2.5xl07, 0 24.7±0.8 27 - 37 65 34 -
2.5xl07, 0.05 24.1 ±0.7 27 0 33 84 17 0.2175
2.5xl07, 0.5 24.0±1.0 27 0 33 46 59 0.1203
2.5xl07, 5 6.6±0.1 7 -74 8 68 32 <0.0001
7.5xl07, 0 20.1 ±0.5 25 - 34 86 14 -
7.5xl0;, 0.05 19.3±0.6 25 0 32 92 5 0.5888
7.5xl07, 0.5 19.0±0.3 22 -22 27 80 20 <0.0001
7.5xl07, 5 9.4±0.3 9 -64 13 95 5 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Fig. 5.3.7: Effect of EUK-8 on lifespan of C. elegans under varying levels of nutrition
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Table 5.3.7: Effect of EUK-8 on lifespan of C. elegans under varying levels of nutrition
Treatment 
cells/ml, mM EUK-8
Mean l.s. 
(days)± S.E.
Median 
l.s. (days)
% diff. from 
control
Upper
95%
N C P
lxlO9, 0 25.5±1.1 24 - 37 44 51 -
lxlO9, 0.05 25.4±0.9 24 0 36 60 40 0.6513
lxlO9, 0.5 18.9±0.6 18 -25 28 92 7 <0.0001
lxlO9, 5 5.3±0.3 5 -79 8 100 0 <0.0001
2.5xl07, 0 25.9±1.2 28 - 35 42 58 -
2.5xl07, 0.05 26.6±1.1 28 0 38 54 44 0.4038
2.5xl07, 0.5 21.9±0.6 22 -21 28 62 39 <0.0001
2.5xl07, 5 4.6±0.1 5 -82 6 89 0 <0.0001
7.5xl07, 0 25.9±0.9 24 - 40 94 4 -
7.5xl07, 0.05 25.2±1.1 26 +8 38 53 47 0.3866
7.5xl07, 0.5 19.8±0.8 20 -17 27 40 57 <0.0001
7.5xl07, 5 4.5±0.1 5 -79 6 100 0 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Fig. 5.3.8: Effect of EUK-8 on lifespan of C. elegans under varying levels of nutrition
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Treatment 
cells/ml, mM EUK-134
Mean l.s. 
(days)± S.E.
Median 
l.s. (days)
% diff. from 
control
Upper
95%
N C P
lxlO9, 0 26.0±1.1 25 - 31 62 39 -
lxlO9, 0.05 23.8±0.1 25 0 31 65 33 0.4405
lxlO9, 0.5 18.1±0.7 22 -12 28 58 41 0.0011
lxlO9, 5 2.9±0.7 3 -88 5 98 0 <0.0001
2.5xl07, 0 24.4±0.6 27 - 37 48 54 -
2.5xl07, 0.05 24.0±1.3 25 -7 29 28 80 0.0264
2.5xl07, 0.5 22.3±1.0 25 -7 28 18 82 0.0075
2.5xl07, 5 10.0±0.9 14 -48 16 94 1 <0.0001
7.5xl07, 0 20.3±1.0 25 - 34 46 59 -
7.5xl07, 0.05 18.2±0.8 25 0 35 66 33 0.6745
7.5xl07, 0.5 18.1±0.4 22 -12 29 61 39 0.0064
7.5xl07, 5 5.1±0.8 4 -84 10 99 2 <0.0001
of nutrition
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test)
Fig. 5.3.9: Effect of EUK-134 on lifespan of C. elegans under varying levels of nutrition
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Table 5.3.9: Effect of EUK-134 on lifespan of C. elegans under varying levels of nutrition
Treatment 
cells/ml, mM EUK-134
Mean l.s. 
(days)± S.E.
Median 
l.s. (days)
% diff. from 
control
Upper
95%
N C P
lxlO9, 0 25.5±1.1 24 - 44 51 -
lxlO9, 0.05 21.5±0.8 20 -17 86 13 0.0100
lxlO9, 0.5 15.1±0.8 18 -25 100 1 <0.0001
lxlO9, 5 1.7±0.1 1 -96 98 0 <0.0001
2.5xl07, 0 25.9±1.2 28 - 42 58 -
2.5xl07, 0.05 25.5±1.0 26 -7 45 55 0.7271
2.5xl07, 0.5 23.0±0.8 24 -14 88 12 0.0510
2.5xl07, 5 2.2±0.1 2 -93 79 24 <0.0001
7.5xl07, 0 25.9±0.9 24 - 94 4 -
7.5xl07, 0.05 24.1 ±0.9 24 0 90 5 0.1648
7.5xl07, 0.5 19.9±0.6 20 -17 90 9 <0.0001
7.5xl07, 5 1.4±0.1 1 -96 100 0 <0.0001
l.s. = lifespan; S.E.= standard error of the mean; N = number of animals dying from senescent death; C = 
number of animals censored; P = probability that survival curve is significantly different from that of the 
control (Log-rank test).
Fig. 5.3.10: Effect of EUK-134 on lifespan of C. elegans under varying levels of nutrition
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Table 5.3.10: Effect of DR on lifespan in untreated C. elegans
Survival curves of non-drug treated, dietarily restricted controls were compared with those of non-drug 
treated animals at lxlO9 cells/ml
E. coli concentration (cells/ml)
P 2.5x107 7.5xl07
trial I 0.0031 0.2911
trial II 0.9083 0.4278
P = probability that experimental survival curves are significantly different from that of lxlO9 cells/ml 
control (Log-rank test)
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5.4 Discussion
In this chapter, several mechanistic ageing hypotheses were tested by treatment of 
nematodes with a range of compounds predicted to perturb those mechanisms. No 
lifespan extension was observed upon application of PARP inhibitors, peroxynitrite 
scavengers or SCMs. A range between toxic and effect-less doses was sought for each 
drug to ensure that any potentially therapeutic concentration was not missed. While 
these studies fail to support the theories tested, a general problem with studies of this 
type is that it is difficult to draw conclusions from negative results. Failure to extend 
lifespan in each case could reflect failure of the compounds to impact sufficiently their 
target process. In the next chapter, the significance of the failure of SCMs to extend 
lifespan is explored further.
5.4.1 Peroxynitrite scavengers
It remains a possibility that the failure of the peroxynitrite scavenger FP15 to affect 
ageing is due to the fact that there is relatively little NO* produced in C. elegans. That 
this may be so is suggested by the absence of a gene encoding a homologue of known 
nitric oxide synthases. However, it remains possible that C. elegans has other means of 
generating NO*. This could be resolved by employing one of several methods available 
for measuring nitrositive damage, such as assaying nitrotyrosine (Section 5.5).
5.4.2 PARP inhibitors
PARP activation may attenuate ageing by helping maintain genomic stability. If 
genomic stability is important in C. elegans ageing, then addition of PARP inhibitors 
should cause reduced lifespan. An alternative hypothesis is that excessive PARP 
activation abrogates ageing: In this case application of PARP inhibitors would lead to 
increased C. elegans lifespan. Only the latter outcome of the trials performed here 
would have been informative.
The presence of at least two putative PARP-coding genes in C. elegans suggests 
that poly ADP-ribosylation may play a role in maintaining genomic stability in this 
organism. It is possible that poly-ADP ribosylation is important under acute high-level 
stress, as observed in many of the pathological disease states accompanied/caused by an 
oxidative burst, yet of little importance in normal ageing processes. Alternatively, the 
compounds used here may not be active in C. elegans. One way to test this would be to
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measure the effect of PARP inhibitors on the lifespan shortening effects of superoxide 
generators in worms. This would be a means not only to confirm that PARP inhibitors 
are active in vivo but potentially implicate PARP-activation (and perhaps apoptotic cell 
death) in C. elegans ageing. However, again, the absence of a protective effect would 
be non-informative.
C. elegans is a somatically post-mitotic organism, and it is interesting to note 
that excessive PARP activation can trigger apoptosis in non-proliferative cells by 
depleting NAD+ (see Burkle, 2000, for review). However, apoptosis-defective C. 
elegans mutants (ced mutants) do not show extended lifespan (R. Horvitz, pers. 
comm.). Possibly for this reason PARP inhibitors do not extend C. elegans lifespan, i.e. 
they might do so in organisms where exhaustion of proliferative capacity in dividing 
cell populations contributes to ageing.
5.4.3 Superoxide dismutase/catalase mimetics
Surprisingly, precise replication of the methods outlined in Melov et al. (2000) did not 
lead to replication of their results: Both EUK-8 and EUK-134 showed a dose- 
dependent toxic effect on lifespan.
A number of possible reasons for the discrepancy between the results described 
and those of Melov et al. (2000) have been explored, but none provide a plausible 
explanation. That our cultivar of E. coli might be metabolising EUK-8 and EUK-134 
was ruled out by obtaining a fresh cultivar from the Caenorhabditis Genetics Centre. 
EUK-8 was obtained from three separate sources, including Eukaryon Inc., yet dose- 
dependent toxicity was observed irrespective of drug source. Trials were conducted in 
axenic culture to exclude the possibility of any interaction between E. coli and EUK-8. 
Tests were conducted at E. coli concentrations which are likely to be close to those used 
previously.
What other possible explanations remain? One possibility that must at least be
considered is experimental error. A simple error that may easily occur during
measurements of hermaphrodite lifespan in C. elegans is contamination with self
progeny: Test animals must be maintained apart from their progeny. If progeny are
mistaken for the test generation, there may be the appearance of increased lifespan.
This error is easier to make in liquid culture than on plates due to the more frequent
occurence of internal hatching of larvae. It can happen that a single larvae hatches
within the mother and grows within her cuticle and is therefore not detected as a
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second-generation animal. This should be detectable by the continued appearance of 
larvae in the culture medium. In fact in Figure 2E of the Melov et al. (2000) study, such 
late larvae are observed. It is also worth noting that the lifespan trials were conducted 
by two summer project students, J. Ravenscroft and S. Malik, who were relatively 
inexperienced. Moreover, workers in the Lithgow lab have had some problems 
replicating the findings of the Melov et al. (2000) study (Sampayo et al., 2003) (G. 
Lithgow, pers. comm.). However, in 2003 it was claimed that a new trial had 
reproduced the life-extending effect of EUK-134 on C. elegans lifespan (G. Lithgow, 
pers. comm.).
5.5 Future work
It would be useful to establish whether nitrositive damage occurs in C. elegans, which 
might contribute to ageing. ONOO' damage may be detected by measuring 
nitrotyrosine. ONOO' nitrates both free tyrosine as well as residues within proteins 
(Halliwell and Gutteridge, 1999). Nitrotyrosine may then be detected using mono- and 
polyclonal antibodies.
One could also investigate the role of ONOO' in ageing by applying nitrositive 
stress to C. elegans using an NO donor (e.g. amyl nitrite) and determining the effect of 
peroxynitrite scavengers on this system.
It would be useful to perform biochemical assays to ascertain exactly what is (if 
anything) happening on a cellular level when these drugs are applied to nematodes, such 
as peroxidation rates in macromolecules, measurement of redox potential, NAD/NADH 
and NADP/NADPH ratios. If these compounds do not reduce damage to 
macromolecules under normal conditions, they have little use as tools for the 
investigation of ageing. That SCMs do attenuate oxidative damage in vivo is 
investigated further in the next chapter.
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Chapter Six
Further investigation of the oxidative damage theory of 
ageing using the SCM EUK-8
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6.0 Introduction
The oxidative damage theory of ageing predicts that the presence of a demonstrably 
active in vivo superoxide scavenger should increase longevity. Yet treatment with the 
SCMs EUK-8 and EUK-134 does not retard ageing in C. elegans. There are several 
potential explanations for this: (i) SCMs are not taken up by C. elegans; (ii) SCMs are 
taken up, but do not have SOD/catalase activity in vivo\ (iii) SCMs have SOD/catalase 
activity but fail to protect against superoxide/hydrogen peroxide, or (iv) SCMs do 
protect against superoxide/hydrogen peroxide but do not extend lifespan because 
lifespan is not limited by superoxide/hydrogen peroxide. In this chapter experiments 
are described which investigate these issues.
First, the ability of EUK-8 to protect against excess free radical generation was 
tested by measuring its ability to rescue lifespan shortening by the superoxide 
generators paraquat and plumbagin. Chronic lifespan trials with low doses of pro­
oxidant were performed, rather than acute high dose exposure and survival 
measurements, because chronic low level generation of superoxide is likely to represent 
a more realistic model of accelerated ageing than high level generation, which leads to 
100% mortality within hours or days.
A potential problem with the low level stress that application of paraquat causes 
is induction of hormesis: lifespan extension conferred by exposure to a sub-lethal dose 
of a stressor. Aiming to exclude the possible occurrence of hormesis two HF-signalling 
mutants were employed, affecting the genes daf-16 and daf-18. These mutants have 
stress resistance defects and prevent hormesis-mediated lifespan extension (Cypser and 
Johnson, 2002). Extension of lifespan by EUK-8 in pro-oxidant treated nematodes 
could be a consequence of interaction between hormetic and antioxidant effects.
To test whether EUK-8 reduces age-related damage, the ability of this 
compound to attenuate lipofuscin (age pigment) accumulation in live worms was 
measured (section 6.3). Lipofuscin is a mainly lipid-based cross-linked product found 
in peroxysomal-like structures in the cells of many different animals and tissues (Yin, 
1996). The amount of this age pigment present in cellular fractions of C. elegans 
increases with age and under hyperoxia (Hosokawa et al., 1994a). The capacity of 
EUK-8 to provide protection against paraquat-induced increases in lipofuscin 
accumulation over a short timescale (~7 days) was also tested.
Finally a more direct test of the free radical theory was attempted by over­
expression of antioxidant defence enzymes (Section 6.4). This targeted augmentation
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of antioxidant defence would be expected to extend lifespan if ageing is caused by an 
oxidant generator/defence disequilibrium.
6.1 Methods
Effect of EUK-8 and superoxide generators on lifespan
Paraquat (Sigma, St Louis, MO, USA) was dissolved in deionised water to give a 
lOOmM stock solution, which was nanopore filtered and stored at 4°C until use. 
Survival experiments were conducted as previously described (Section 5.3.2).
Plumbagin (Sigma, St Louis, MO, USA) was dissolved in 5% ethanol to make a 
lOOpM stock solution, which was nanopore filtered and stored at 4°C until use. 
Appropriate volumes of ethanol were added to all treatment media to give a 1% final 
concentration. Otherwise survival experiments were conducted as described above 
(Section 5.3.2).
Due to the highly toxic nature of these compounds, particularly in solid form, 
they were weighed and dissolved inside a flow-hood while wearing gloves and safety 
goggles. All containers, utensils and plates used when handling these compounds were 
disposed of in toxic waste bins that were taken away for gas-scrub incineration.
IIF signalling mutants
The null mutants GR1307 daf-16(mgDf50) I and NS3227 daf-18(nr2307) IV were 
obtained from the CGC and from Axys Pharmaceuticals respectively (section 2.3). daf- 
16(mgDf50) is the result of deletion predicted to remove most of the daf-16 coding 
region (Ogg et al., 1997), and daf-18(nr2307) bears a deletion of the catalytic portion 
of the CePTEN/DAF-18 phosphatase (Mihaylova et al., 1999). It was observed that 
daf-16(mgDf50) worms are more sensitive to paraquat than wild-type (D. McCulloch, 
pers. comm.) so the paraquat concentration used for chronic exposure tests of both 
mutants was reduced (ImM) relative to that used for wild-type (2mM). Otherwise 
experiments were performed as described (Section 5.3.2).
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6.2 EUK-8 and pro-oxidant induced lifespan shortening
6.2.1 Introduction
The bipyridyl herbicide paraquat has frequently been used as an experimental tool to 
elevate superoxide levels and thereby test stress resistance in E. coli (Hassan and 
Fridovich, 1979), S. cerevisiae (Tien Nguyen-nhu and Knoops, 2003), Drosophila 
(Clancy et al., 2001; Goulielmos et al., 2003), and C. elegans (Blum and Fridovich, 
1983; Darr and Fridovich, 1995; Vanfleteren, 1993; Ishii, 2001; Yanase et al., 2002)). 
The use of paraquat as a herbicide is now mainly restricted to developing countries, 
where hundreds of deaths occur each year from paraquat poisoning. Paraquat generates 
superoxide in vivo using NADH or NADPH as an electron source (Halliwell and 
Gutteridge, 1999; Hassan and Fridovich, 1979). By this means it diverts electrons from 
the electron transport chain, and results in increased cyanide resistant respiration (an 
index of 0 2#- and H20 2 production) in E. coli (Hassan and Fridovich, 1979).
Fig. 6.2.1: The molecular structure of paraquat, which is usually sold as a chloride salt
One study in C. elegans showed that paraquat application does not result in increased 
CN' resistant respiration (Blum and Fridovich, 1983), raising doubts as to whether 
paraquat generates superoxide in this organism. By contrast, other superoxide 
generators did increase cyanide resistant oxygen consumption. One of these was the 
quinone plumbagin. For this reason plumbagin as well as paraquat was employed in the 
studies in this chapter. Plumbagin increases CN' resistant respiration (and therefore 
0 2#- and H20 2 production) to a far greater degree than paraquat, both in E. coli and C. 
elegans (Blum and Fridovich, 1983; Hassan and Fridovich, 1979).
In the previous chapter it was shown that treatment with SCMs does not increase 
C. elegans lifespan, and it is of interest to know why. The occurrence of dose- 
dependent lifespan shortening implies that SCMs are taken up by C. elegans. Yet it 
remains unclear whether SCMs act as free radical scavengers in vivo in treated 
nematodes.
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Fig. 6.2.2: Molecular structure of the quinone plumbagin
0
OH 0
Although it has been reported that EUK-8 and EUK-134 have catalase activity 
(Baker et al., 1998), the level of this activity is extremely low relative to protein catalase 
(Sharpe et al., 2002). Moreover, it was recently observed that neither EUK-8 or EUK- 
134 significantly increase in vivo catalase activity in treated nematodes (F. Matthijssens 
and J. R. Vanfleteren, pers. comm.). This compound does enhance in vivo SOD 
activity, however, by up to 90% (F. Matthijssens and J. R. Vanfleteren, pers. comm.). 
These biochemical analyses were performed as part of a collaborative study, and 
employed the same preparations of SCMs as used at UCL (Keaney et al, submitted).
But does SCM treatment reduce superoxide levels in vivol Unfortunately, there 
is currently no means to directly measure superoxide levels in vivo in C. elegans. As an 
alternative approach, the capacity of EUK-8 to protect against the toxic effect of free 
radical generators was tested. These tests were carried out using relatively low doses of 
superoxide generators that only moderately reduced lifespan. The rationale for this 
approach was that if normal ageing is determined by superoxide production, then mild 
increases in superoxide should closely imitate accelerated ageing. By contrast, 
exposure to high levels of superoxide generators might result in mortality due to distinct 
pathologies. At issue here is the question: If superoxide does limit lifespan, would 
EUK-8 be able to extend lifespan?
6.2.2 Effect of EUK-8 on paraquat-induced lifespan shortening (PQ-ILS)
First a concentration of paraquat was sought that results in a mild reduction of lifespan 
(potentially due to acceleration of ageing). Preliminary trials revealed that 2mM 
paraquat causes a 40-50% reduction in mean survival when applied throughout adult 
life (data not shown). First, two trials were conducted to test whether 0.05mM, 0.5mM 
and 5mM EUK-8 could rescue this reduction; these were the same concentrations tested
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for their effects on survival by Melov et al. (2000) (Table 6.2.1, Figure 6.2.3) and in this 
study (chapter 5).
0.5mM EUK-8 provided protection against PQ-ILS in the first trial (P=0.0064) 
though not the second trial: However the survival curves in the latter trial were not 
rectangular, suggesting that early mortality in all treatments due to something other than 
normal senescence may have occurred.
Next, further trials were performed with the addition of intermediate EUK-8 
concentrations, O.lmM, 0.25mM and lmM in order to establish the optimal dose of 
EUK-8 to provide protection against superoxide (Table 6.2.2, Figure 6.2.4). In 
principle, this dose should have the best ability to retard normal ageing, (i.e. in the 
absence of paraquat). In this trial the doses 0.25mM, 0.5mM and lmM EUK-8 all 
provided protection against PQ-ILS (P <0.0001), even though 0.5mM EUK-8 
significantly decreases lifespan in the absence of paraquat (Section 5.3.2). Maximal 
protection against PQ-ILS occurred at lmM EUK-8 (Table 6.2.2).
6.2.3 Effect of optimal concentrations of EUK-8 on normal ageing 
It was previously shown that 0.5mM EUK-8 alone shortens lifespan (Section 5.3.2). 
Thus although lmM EUK-8 is optimal for protection against paraquat, it is presumably 
life-shortening in the absence of paraquat. Thus, paraquat is protective against the 
toxicity of EUK-8. These results raise the possibility that there is a narrow dose 
window for EUK-8 between too high and life shortening and ineffective to protect 
against ageing.
These results also raise the question of whether EUK-8 can fully rescue PQ-ILS. 
The effect of these EUK-8 concentrations with and without 2mM paraquat were 
therefore measured in three trials (Table 6.2.3, Figure 6.2.5). But in trials two and three 
0.25mM and 0.5mM EUK-8 provided equal protection against PQ-ILS. In trial one 
0.5mM provided slight but not significant protection against PQ-ILS while 0.25mM did 
not. As in previous trials, 0.5mM EUK-8 alone significantly reduces lifespan in all 
three trials. By contrast, 0.25mM EUK-8 alone did not significantly reduce lifespan. 
This suggests that 0.25mM EUK-8 is an optimal therapeutic dose for protection against 
oxidative damage in otherwise untreated animals. However, treatment with 0.25mM 
EUK-8 alone did not increase lifespan, and this study failed to reveal a EUK-8 dose 
window that leads to extended lifespan.
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Table 6.2.1: The effect of EUK-8 on PQ-ILS
Treatment 
(mM EUK-8)
Mean l.s. 
± S.E.
Median l.s. % diff. from 
control med.
Upper
95%
N C P
Trial I
0 9.0±0.4 8 - 9 100 9 -
0.05 9.1±0.3 9 +13 10 73 22 0.6685
0.5 10.7±0.3 10 +25 11 72 22 0.0064
5.0 4.2±0.2 4 -50 5 105 2 <0.0001
Trial II
0 10.1 ±0.4 11 - 12 100 9 -
0.05 8.7±0.4 8 -27 10 22 22 0.0030
0.5 8.5±0.5 8 -27 9 22 22 0.0024
5.0 8.0±0.3 8 -27 9 2 2 <0.0001
All populations of worms were incubated with 2mM paraquat and varying doses of EUK-8.
l.s.: lifespan; N =senescent deaths; C =censored animals; P = Probability that survival curves of treated
worms are significantly different from that of the control (Log-rank test).
Figure 6.2.3: The effect of EUK-8 on PQ-ILS
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Table 6.2.2: Effect of EUK-8 on PQ-ILS
Treatment 
(mM EUK-8)
Mean l.s. ± 
S.E.
Median l.s. % diff. from 
control med.
Upper
95%
N C P
0 9.2±0.3 9 - 9 79 21 -
0.05 9.6±0.4 9 0 11 76 23 0.1097
0.1 9.4±0.4 9 0 11 79 21 0.1785
0.25 10.9±0.4 11 +22 13 90 10 <0.0001
0.5 11.4±0.3 11 +22 13 91 9 <0.0001
1 11.8±0.3 13 +44 13 89 11 <0.0001
5.0 3.3±0.1 4 -44 2 101 0 <0.0001
All populations of worms were incubated with 2mM paraquat and varying doses of EUK-8.
l.s.: lifespan; N =senescent deaths; C =censored animals; P = Probability that survival curves of treated
worms are significantly different from that of the control (Log-rank test).
Fig. 6.2.4: Effect of EUK-8 on PQ-ILS
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Table 6.2.3: The effect of EUK-8 on PQ-ILS
Treatment 
EUK-8, 
PQ (mM)
Mean l.s. 
(days)
± S.E.
Median
l.s.
(days)
% diff. from 
control 
median
% diff. from 
PQ alone 
median
Upper
95%
N C P I P 2
Trial I
0,0 22.3±0.6 24 - - 24 80 15 - -
0,2 13.5±0.7 13 -45 - 15 95 5 <0.0001 -
0.10,0 22.6±0.6 24 0 - 24 86 14 0.6448 -
0.10,2 10.9±0.4 9 -62.5 -31 11 79 9 <0.0001 0.0014
0.25,0 20.8±0.6 21 -12.5 - 21 88 12 0.1848 -
0.25,2 13.7±0.7 13 -45 0 13 72 8 <0.0001 0.7225
0.50,0 19.2±0.6 18 -25 - 21 87 13 0.0002 -
0.50,2 13.9±0.5 15 -37.5 +15 15 58 7 <0.0001 0.9616
Trial II
0,0 23.3±0.7 25 - - 25 76 24 - -
0,2 10.2±0.4 9 -64 - 11 99 1 <0.0001 -
0.10,0 23.3±0.6 23 -8 - 25 85 15 0.8043 -
0.10,2 10.8±0.5 9 -64 0 11 99 2 <0.0001 0.2586
0.25,0 22.1±0.6 23 -8 - 23 83 17 0.0812 -
0.25,2 14.5±0.4 13 -48 +44 15 87 13 <0.0001 <0.0001
0.50,0 20.4±0.5 19 -24 - 21 83 17 0.0003 -
0.50,2 14.4±0.5 13 -48 +44 15 90 10 <0.0001 <0.0001
Trial III
0,0 24.3±0.6 23 - - 26 73 29 - -
0,2 10.8±0.5 9 -61 - 12 79 20 <0.0001 -
0.10,0 24.6±0.6 26 +13 - 26 67 32 0.9909 -
0.10,2 13.1±0.6 12 -48 +33 15 87 19 <0.0001 <0.0001
0.25,0 24.0±0.6 26 +13 - 26 76 32 0.7100 -
0.25,2 17.7±0.4 17 -26 +88 17 70 27 <0.0001 <0.0001
0.50,0 22.5±0.6 23 0 - 23 72 30 0.0384 -
0.50,2 15.7±0.4 17 -26 +88 17 58 24 <0.0001 <0.0001
The effect of EUK-8 on survival both with and without paraquat was tested over a range of EUK-8 
concentrations to establish the optimal concentration for rescue of PQ-ILS
l.s.: lifespan; N: senescent deaths; C: censored animals; P  1: probability that survival curves of treated 
worms are significantly different from that of the untreated control (log-rank test); P 2: probability that 
survival curves of EUK-8, PQ treated worms are significantly different from those of PQ only treatment 
(Log-rank test)
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Fig. 6.2.5: The effect of EUK-8 and paraquat on lifespan
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In the experimental design of these trials it was hypothesised that low-dose paraquat 
application would elicit an acceleration of the ageing process, i.e. that lifespan is limited 
by superoxide production and that enhancing or decreasing the rate at which superoxide 
is produced will have a concomitant effect on lifespan.
A high proportion of superoxide is produced through electron leakage from 
complexes I and II of the mitochondrial electron transport chain under normal aerobic 
conditions. However, there is a possibility that paraquat does not enhance 
mitochondrial superoxide production in C. elegans (Darr and Fridovich, 1995, but see 
below). Moreover, in Drosophila superoxide produced by paraquat is limited to the 
cytosol (Missirlis et al., 2003) so this could potentially also be the case in C. elegans. 
Therefore a pro-oxidant which is known to enhance mitochondrial superoxide 
production was employed, to test whether the protective effect of EUK-8 against 
superoxide generators is pro-oxidant compound and/or cell compartment specific.
6.2.4 Effect of low concentrations ofplumbagin on survival
The effect on survival of a range of doses of plumbagin were tested, and it was found 
that only the highest concentration, 50pM, gave a reduction in mean lifespan of 50% 
(Table 6.2.4, Figure 6.2.6). This was therefore chosen as the experimental 
concentration to test the effect of EUK-8 on plumbagin-induced lifespan shortening 
(PB-ILS) (Table 6.2.4, Figure 6.3.6). There was a sharp increase in toxicity between 
20 pM and 50 pM plumbagin. (Note: Blum and Fridovich (1983) observed a high level 
of cyanide independent oxygen consumption at 0.1 mM).
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Table 6.2.4; Effect of low-dose plumbagin on C. elegans survival
Plumbagin 
dose (pM)
Mean l.s. 
(days) ±S.E.
Median l.s. 
(days)
% diff. from 
control med.
Upper 95% N C P
0 20.7±0.9 20 - 22 45 55 -
5 19.0±0.5 20 0 20 53 54 0.0263
20 18.3±0.8 20 0 20 19 21 0.0314
50 11.2±0.5 10 -50 10 82 18 <0.0001
All populations of worms contain 0.5% ethanol because plumbagin dissolves weakly in water.
l.s.: lifespan; N: senescent deaths; C: censored animals; P: probability that survival curves of treated
worms are significantly different from that of the untreated control (Log-rank test).
Fig. 6.2.6: Effect of low-dose plumbagin on C. elegans survival
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6.2.5 Effect of EUK-8 on plumbagin-induced lifespan shortening (PB-ILS)
The capacity of EUK-8 to protect against PB-ILS was tested. Two doses of EUK-8 
were used: Due to plumbagin’s greater potency than paraquat as a free radical generator 
(Blum and Fridovich, 1983; Hassan and Fridovich, 1979) it was anticipated that a 
higher dose of EUK-8 than that which was optimal for lifespan and for attenuation of 
PQ-ILS might be necessary to rescue PB-ILS.
In fact EUK-8 provided a similar degree of protection against PB-ILS, both at 
0.25 and 0.5mM concentrations. Thus it remains an untested possibility that lower 
concentrations of EUK-8 might provide maximal protection against plumbagin. It was 
previously observed that 0.5mM EUK-8 treatment alone is detrimental to normal 
lifespan (Chapter 5), while treatment in the presence of paraquat extends lifespan 
(Section 6.2.2). This also proved to be the case for plumbagin (Table 6.2.4, Figure 
6.2.7).
The highly reactive OH radical is formed from H20 2 in the presence of Fe(II) or 
Cu(I) ions, and the metals are oxidised to Fe(III) and Cu(II). In the presence of 0 2' the 
reaction of Fe(II) with H20 2 (the Fenton reaction: Section 1.3) is speeded up, because 
0 2' reduces Fe(III) back to Fe(II) whereby it can react with more H20 2. Potentially, the 
presence of OH generated in this way accounts for the failure of EUK-8 to fully rescue 
lifespan shortening by superoxide generators. This is potentially testable by (i) 
increasing both superoxide dismutase and catalase activity in concert, and (ii) 
minimising levels of free Fe and Cu, during combined treatment of nematodes with 
SCMs and superoxide generators.
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Table 6.2.4: Effect of EUK-8 on PB-ILS
Treatment 
(mM EUK-8, 
j a M P B )
Mean l . s .  
(days) 
±S.E.
Median
l . s .
(days)
% diff. 
Control 
median
% diff. 
PB 
alone
Upper
95%
N C P I P 2
0,0 20.6±0.5 19 - - 22 75 21 - -
0,50 12.4±0.3 11 -42 - 13 82 17 <0.0001 -
0.25, 0 20.5±0.5 19 0 - 22 72 25 0.7702 -
0.25, 50 17.3±0.5 16 -16 +45 19 60 40 <0.0001 <0.0001
0.5,0 17.9±0.4 19 0 - 19 79 19 <0.0001 -
0.5, 50 16.2±0.4 16 -16 +45 16 87 10 <0.0001 0.0077
l.s.: lifespan; N: senescent deaths; C: censored animals; P 1: probability that survival curves of treated 
worms are significantly different from that of the untreated control (log-rank test); P 2: probability that 
survival curves of EUK-8,PB treated worms are significantly different from those of PB only treatment 
(Log-rank test)
Fig. 6.2.7: Effect of EUK-8 on PB-ILS
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6.2.5 Addition of exogenous catalase to EUK-8 and paraquat treated nematodes 
The possibility that lifespan in C. elegans treated with 0.25mM EUK-8 and 2mM 
paraquat is limited by hydrogen peroxide was tested by addition of exogenous catalase 
to the culture medium. Although endogenous hydrogen peroxide will be not be 
accessible to exogenous catalase, cell membranes are permeable to H20 2, and it is 
possible that H20 2 diffuses into the culture medium, and that breakdown of this H20 2 
will lead to reduced levels of H20 2 in vivo, thanks to increased diffusion out of the 
nematode. A preparation of catalase from Aspergillus niger was used (Sigma, St. 
Louis, MO, USA. Cat. No. C3515). Concentrations of lU/p,l, 2.5U/p,l, 5U/p,l and 
10U/pl catalase were tested. This was based on the calculation that intracellular 
catalase is present at a concentration of 5U/pl (Vanfleteren and De Vreese, 1995). 
However, at these concentrations, nematode populations died within several days (data 
not shown). The reason for this is unclear. One possibility is the presence of toxic 
contaminating compounds from A. niger. The catalase was suspended in a solution of 
3.2mM ammonium sulphate. Possibly this was toxic to the nematodes.
6.2.7 Reduction o f transition metal ion concentration in culture o f EUK-8 and 
paraquat treated nematodes
If Fe(II) and Cu(I) ions catalyse generation of OH from H20 2 in the presence of 0 2' then 
reducing the concentration of copper and iron included in nematode cultures should 
enhance the protective effects of EUK-8 against superoxide generation. To achieve 
this, the quantity of Cu(II) and Fe(II) in the trace metals solution used in preparation of 
S medium (see Chapter 2) was reduced to 1% of that normally used. However, this did 
not enhance the protective effects of EUK-8. In fact, it did the opposite. 0.25mM 
EUK-8 had a weaker protective effect against paraquat, and EUK-8 alone decreased 
lifespan (Table 6.2.5, Figure 6.2.8). Thus Cu(II) and Fe(II) appear to protect against the 
toxic effects of EUK-8. The reason for these effects is unclear. Possibly reduction of 
these ions deleteriously affected metalloproteins important in antioxidant defence, e.g. 
Cu/Zn SOD. Conceivably, an intermediate reduction in levels of Cu(II) and/or Fe(II) 
might enhance antioxidant protection by EUK-8.
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Table 6.2.5: Effect of EUK-8 on PQ-ILS under conditions of reduced dietary and environmental 
Cu/Fe
Treatment 
EUK-8, 
PQ (mM)
Mean l.s. 
(days)
± S.E.
Median
l.s.
(days)
% diff. 
control 
median
% diff. 
PQ 
alone
Upper
95%
N C P P
0,0 22±0.6 22 - - 25 47 41 - -
0,2 11.7±0.3 12 -45 - 12 90 9 <0.0001 -
0.25,0 19.5±0.5 18 -18 - 20 74 20 0.0032 -
0.25,2 14.4±0.5 12 -45 0 14 82 16 <0.0001 <0.0001
All experimental populations of worms were grown in E. coli OP50 suspended in reduced Cu/Fe S 
medium, l.s.: lifespan; N: senescent deaths; C: censored animals; P 1: probability that survival curves 
of treated worms are significantly different from that of the untreated control (log-rank test); P 2: 
probability that survival curves of EUK-8,PQ treated worms are significantly different from those of PQ 
only treatment (Log-rank test)
Figure 6.2.8: Effect of EUK-8 on PQ-ILS under conditions of reduced dietary and environmental
Cu/Fe
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6.2.8 Conclusions
It was hypothesised that PQ- and PB-ILS were only partly rescued by EUK-8 because 
of its poor catalase activity, and that full rescue might be achieved if catalase activity 
was enhanced. However, the test performed here with A. niger catalase was 
inconclusive. A better way to approach this would be to employ a strain with elevated 
catalase activity (see below).
Reducing the concentration of redox-active metal ions such as Fe2+ and Cu+, 
which theoretically would reduce Fenton chemistry and OH production, might enhance 
the ability of EUK-8 to protect against oxidative stress. In fact, decreasing the 
concentration of these ions eliminated the protective effect of 0.25mM EUK-8 against 
paraquat and caused a reduction in lifespan on application of 0.25mM EUK-8 alone.
EUK-8 rescue of paraquat-induced lifespan shortening is not compound nor cell 
compartment specific: Employment of a second more potent superoxide generator, 
plumbagin, yielded similar results to those observed when using paraquat to induce 
oxidative stress.
The mechanism of action of EUK-8 is dismutation of superoxide. It has been 
suggested that paraquat does not generate superoxide in vivo in C. elegans, because 
addition of paraquat failed to increase CN' resistant respiration (Blum and Fridovich, 
1983). However, recent work by Matthijssens and Vanfleteren (pers. comm.) has 
shown that 2mM paraquat does increase CN‘ resistant respiration in C. elegans. The 
concentration of paraquat used by (Blum and Fridovich, 1983) (ImM) may have been 
too low to see an effect.
In conclusion, 0.25mM EUK-8 does increase lifespan when lifespan is limited 
by oxidative stress, but not under normal/optimal conditions. Perhaps lifespan is not 
limited by oxidant production. An alternative explanation is that the lifespan extension 
seen upon application of EUK-8 in the presence of a pro-oxidant is the result of 
hormesis.
6.3 Hormesis -  paraquat as a sub-lethal stressor
6.3.1 Introduction
Hormesis, whereby sub-lethal exposure to a stressor induces beneficial effects, is a 
well-documented phenomenon (Butov et al., 2001; Cypser and Johnson, 2002, 2003; 
Yashin et al., 2001). EUK-8 alone cannot extend lifespan, but may interact with the
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stress response induced by low dose application of pro-oxidants to give the lifespan 
extension seen.
Hormesis-mediated lifespan extension has been observed in a number of 
species, in response to a variety of stresses, including heat stress in yeast (Shama et al., 
1998), y-irradiation in house flies (Allen and Sohal, 1982), heat stress in Drosophila 
(Khazaeli et al., 1997) and y-irradiation in mice (Caratero et al., 1998). Hormetic 
lifespan extension is most likely caused by priming or induction of the stress resistance 
machinery, whereby stress defence (including oxidant defence) is up-regulated and 
lifespan increased, daf-12, daf-16 and daf-18 have all been implicated in the hormetic 
response, as mutation in these genes eliminates heat stress induced lifespan extension 
(Cypser and Johnson, 2003).
The hormetic effects of a number of stressors have also been described for C. 
elegans, including exposure to UV light (Murakami and Johnson, 1996), heat stress, 
juglone (another superoxide generator) and hyperoxia (Cypser and Johnson, 2002). C. 
elegans Age mutants show intrinsic increased stress resistance (Dorman et al., 1995; 
Kenyon et al., 1993; Larsen et al., 1995), an effect that is mediated by the genes daf-16 
and daf-18 (Cypser and Johnson, 2003). Since mutations in daf-16 and daf-18 block 
hormesis, they were utilised to test the possibility that EUK-8 can only extend lifespan 
in combination with hormesis. Similar PQ-ILS rescue trials to those described above 
(Section 6.1.2) were performed using the null mutants daf-16(mgDf50) and daf- 
18(nr2307), the reasoning being that if EUK-8 attenuates PQ-ILS to the same extent in 
these mutants as in wild-type, then the rescue effect of 0.25mM EUK-8 is unlikely to be 
due to paraquat-induced hormesis, but rather the antioxidant properties of EUK-8 alone.
6.3.2 Effect of EUK-8 on PQ-ILS in hormesis-defective mutants 
The therapeutic dose of 0.25mM EUK-8 was employed. EUK-8 alone slightly 
shortened lifespan of daf-16(0) populations (in two trials P=0.0533 and P=0.0344) (see 
Table 6.3.1 and Figure 6.3.1). This may be due to the overall stress sensitivity of daf-16 
mutants, consistent with earlier studies of daf-16(-) lifespan where a small but 
consistent decrease in lifespan is observed (Larsen et al., 1995; Riddle et al., 1997). It 
has also been observed that daf-16(0) mutants are more sensitive to paraquat than wild- 
type (D. McCulloch, pers. comm.).
The concentration of paraquat employed reduces daf-16(0) lifespan by 40% and 
37%, a reduction that is significantly rescued by addition of EUK-8 (P <0.0001 for
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both trials; Table 6.3.1, Figure 6.3.1). Normal lifespan was observed in the first but not 
the second trial (P <0.0001 and P=0.8292, respectively).
The concentration of paraquat employed reduced the lifespan of daf-18(0) 
mutants by 42% and 29%, a reduction which was significantly rescued by 0.25mM 
EUK-8 (P <0.0001 in both trials: Table 6.3.1, Figure 6.3.1).
Table 6.3.1: Effect of EUK-8 on PQ-ILS in the mutant strsdnsdaf-16(0) and daf-18(0)
Treatment
EUK-8,
PQ(mM)
Mean l.s. 
(days)
± S.E.
Median
l.s.
(days)
% diff. from 
control 
median
% diff. 
fromPQ 
only
Upper
95%
N C P I P 2
Trial I N 2
0,0 23.3±0.7 25 - - 25 76 24 - -
0.25,0 22.1±0.6 23 -8 - 23 83 17 0.0812 -
0,2 10.2±0.4 9 -64 - 11 99 1 <0.0001 -
0.25,2 14.5±0.4 13 -48 444 15 87 13 <0.0001 <0.0001
daf-16(0)
0,0 18.6±0.5 20 - - 20 63 37 - -
0.25,0 16.8±0.5 18 -10 - 18 66 34 0.0533 -
0,1 12.4±0.5 12 -40 - 12 63 37 <0.0001 -
0.25,1 15.3±0.5 14 -30 +17 16 55 41 <0.0001 <0.0001
daf-18(0)
0,0 18.0±0.5 19 - - 19 66 38 - -
0.25,0 17.0±0.5 15 -21 - 17 61 39 0.2510 -
0,1 10.8±0.4 11 -42 - 11 63 37 <0.0001 -
0.25,1 14.5±0.4 13 -32 +18 15 68 32 <0.0001 <0.0001
Trial I I N 2
0,0 24.3±0.6 23 - - 26 73 29 - -
0.25,0 24.0±0.6 26 +13 - 26 76 32 0.7100 -
0,2 10.8±0.5 9 -61 - 12 79 20 <0.0001 -
0.25,2 17.7±0.4 17 -26 +88 17 70 27 <0.0001 <0.0001
daf-16(0)
0,0 17.7±0.5 19 - - 19 79 20 - -
0.25,0 16.1±0.6 15 -21 - 17 67 33 0.0344 -
0,1 11.9±0.4 12 -37 - 12 80 19 <0.0001 -
0.25,1 16.8±0.7 17 -11 +42 17 79 20 0.8292 <0.0001
dqf-18(0)
0,0 15.8±0.5 17 - - 17 40 30 - -
0.25,0 15.3±0.6 17 0 - 17 39 25 0.8962 -
0,1 11.8±0.5 12 -29 - 12 68 29 <0.0001 -
0.25,1 15.7±0.5 15 -12 +25 17 68 27 0.0051 <0.0001
The effect of EUK-8 on survival both with and without paraquat was tested, l.s.: lifespan; N: senescent 
deaths; C: censored animals; P 1: probability that survival curves of treated worms are significantly 
different from that of the untreated control (log-rank test); P 2: probability that survival curves of EUK- 
8,PQ treated worms are significantly different from those of PQ only treatment (Log-rank test)
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Fig.6.3.1: Effect of EUK-8 on PQ-ILS in the mutant strainsdaf-16(0) and daf-18(0)
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Fig. 6.3.2: Effect of EUK-8 on paraquat-induced lifespan shortening
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Figure 6.3.3: EUK-8-induced increases in lifespan in paraquat treated population
For each genotype, left-hand column, trial I; right-hand column, trial II
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This implies that the PQ-ILS rescue demonstrated by EUK-8 is not due to induction of 
hormesis by paraquat, although the magnitude of increase in lifespan by EUK-8 is 
slightly less in the two mutants (Figure 6.3.3). Trials employing null mutation in daf-16 
and daf-18, genes that have been shown to mediate the hormetic response in C. elegans, 
yielded similar results to those obtained using wild-type worms. EUK-8 activity in 
vivo can rescue paraquat-induced lifespan shortening, even in hormesis-defective 
mutants. This implies that the properties of EUK-8 itself, presumably its SOD activity, 
is what provides protection against paraquat toxicity. However, it remains possible that 
daf-16(0) and daf-18(0) independent elements of a hormetic response to paraquat are 
important for EUK-8 protection against PQ-ILS.
6.3.3 Conclusion
EUK-8 provides protection against two paraquat generators, and there is no evidence 
that this protection requires induction of a hormetic response. This implies that 
reduction of 0 2' does not retard ageing. However, it remains possible that even though 
0.25mM EUK-8 reduces 0 2\  it does not reduce the damage caused by 0 2' that may 
cause ageing. The following section describes an investigation of this possibility.
6.4 Effect of EUK-8 and paraquat on lipofuscin accumulation
6.4.1 Introduction
Potentially, the effects of EUK-8 and superoxide generators on oxidative damage to
lipid and protein in C. elegans may be assessed by monitoring the impact of these
compounds on levels of autofluorescence, which is believed to correspond to the
damage product lipofuscin (Davis et al., 1982; Hosokawa et al., 1994b).
The term lipofuscin was coined at the beginning of the last century (Hueck,
1912), but these yellow-brown granules that accumulate in post-mitotic, ageing tissue
have been the subject of scrutiny since their description in 1842 (Hannover, 1842). The
term has been used to describe all age-related intracellular fluorescent pigment granules.
This, coupled with a lack of biochemical knowledge regarding its origin, has led to a
certain amount of confusion as to what constitutes lipofuscin. It now seems probable
that lipofuscin granules are secondary lysosomes (Brunk and Terman, 2002; Clokey and
Jacobsen, 1986; Yin, 1996) and that lipofuscin is formed following phagocytosis and
incomplete digestion of extra- and intracellular proteins and lipids as well as whole
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organelles. These lysosomes have been found to contain ferrous iron (presumably as a 
result of metalloprotein breakdown) which catalyses hydroxyl radical formation and 
initiates lipid peroxidation. Lipid hydroperoxides and cyclic peroxides then degrade to 
form saturated and unsaturated carbonyl compounds (Figure 6.4.1) that are the 
precursors of the numerous age-related fluorescent pigments found in a variety of 
animal species. The specific composition of lipofuscin granules depends on the 
organism and tissue in which they are found, and their fluorescence properties on the 
method employed in studying them (see (Yin, 1996) for review).
Fig. 6.4.1: Proposed pathway for lipofuscin formation in secondary lysosomes (adapted from (Yin, 
1996). Schiff base compounds (highlighted in blue) and 1,4-dihydropyramidines are two of the 
fluorescent compounds identified to be components of lipofuscin.
In C. elegans, strong autofluorescence in the gut, and to a lesser extent in the 
hypodermis, is visible under epifluorescence microscopy using filter sets such as those 
designed for GFP analysis (Garigan et al., 2002). It has been proposed that this 
autofluorescence is lipofuscin, since it has been shown to increase with age in C. 
elegans (Davis et al., 1982), and to accumulate more slowly in long-lived mutants 
(Garigan et al., 2002). Furthermore, the rate at which lipofuscin accumulates is 
sensitive to perturbations in oxygen partial pressure (Hosokawa et al., 1994a). Thus, 
lipofuscin autofluorescence is potentially a useful indicator of the effect of pro- and 
antioxidants on oxidative damage in live animals. This section describes the effects of
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EUK-8 and paraquat, alone or in combination, on autofluorescence in young adult or 
ageing C. elegans.
6.4.2 Measuring autofluorescence (lipofuscin) in C. elegans
Lipofuscin can be measured using microfluorometric and/or spectrofluorometric 
techniques. Microfluorometry involves characterisation of intact, in situ lipofuscin 
granules whereas spectrofluorometry is carried out on extracts of isolated lipofuscin 
granules that have been dissolved and diluted (Brunk and Terman, 2002).
Lipofuscin autofluorescence has been variously reported to lie in the blue (400- 
500nm), the green (500-560nm) and the orange-red (580-640nm) ranges, as well as all 
three: The precise wavelength cited depends on the organism and tissue examined 
(Brunk and Terman, 2002; Clokey and Jacobsen, 1986; Davis et al., 1982; Hosokawa et 
al., 1994a). In C. elegans, lipofuscin autofluorescence has been shown to lie in the blue 
range, both in liquid phase tissue extracts and particulate pelletted matter (Davis et al., 
1982).
Using a Leica RXA2 compound microscope with attached digital camera and 
Openlab 3.1.4 image analysis software, autofluorescence was measured using filter 
cubes of the specification outlined in Table 6.4.1. The filter cubes operate as outlined in 
Figure 6.4.2. Bright field and DAPI filter images are shown in Figure 6.4.3a and 6.4.3b 
respectively.
Figure 6.4.4 shows contour excitation and emission plots for aqueous extract of 
C. elegans, as measured by Davis et al. (1982). The authors identify the blue peak (IB) 
with lipofuscin since (i) it grows more intense with age, and (ii) it resembles the blue 
peak identified in lipofuscin extracts from ageing mammalian cells (Clokey and 
Jacobsen, 1986; Fletcher et al., 1973) and Schiff base product-enriched peroxidated 
lipid (Davis et al., 1982). The DAPI filter cube on the Leica RXA2 should be ideal for 
observing the blue peak observed in Davis et al. (1982) (Table 6.4.1, Figure 6.4.4). 
Comparison of bright-field and DAPI filter images of C. elegans (Figure 6.4.3a, 6.4.3b) 
reveals the shows strong blue autofluorescence in the intestine, even in young adults. 
However, in a recent study, a GFP filter cube was used to characterise lipofuscin 
autofluorescence in intact, live worms (Garigan et al., 2002). Based on Davis et al. 
(1982), this would be predicted to visualise the Fj flavin peak, which changes much less 
with age. However, this assumes that the fluorescence properties of autofluorescent
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material is the same in vivo as in aqueous and organic extracts. Both filter cubes were 
therefore tested during the trials described below.
Table 6.4.1: Filters employed when measuring autofluorescence
Filter Excitation Range Dichromatic Barrier Range
Cube filter (X, nm) filter filter (X, nm)
A4 (DAPI) BP360/40 320-400 400 BP470/40 430-510
GFP BP470/40 430-510 500 BP525/50 475-575
Each filter cube contains three filters -  the excitation filter allows through the excitatory wavelength(s) 
and blocks all others; the dichromatic filter directs these excitatory wavelengths down on to the sample, 
while allowing longer wavelengths reflected back from the sample toward the eye/imaging device; the 
barrier filter allows emitted wavelengths within a given range to pass through and be detected by the 
eye/imaging device. Abbreviations: DAPI = diamidinophenolindole; FTTC = fluoroscein isothiocyanate; 
BP = band pass (refers to the band (wavelength range) of light which is allowed to pass through the filter)
Fig. 6.4.2: Illustration of filter cube function
light source
short excitatory 
wavelengths
excitation 
fitter — emission fitter
autoAuorescent sample
Light is shone through an excitation filter that allows appropriate excitation wavelengths to pass into the 
filter cube. This light travels through the beam splitter and is directed toward the sample. Various 
wavelengths of light are emitted from the sample but the beam splitter allows only a narrow band of 
emitted wavelengths through, reflecting the others. An even narrower band of emitted light can pass 
through the emission filter toward the eye/image detector
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Figure 6.4.3: (a) bright field and (b) DAPI filtered images of young adult hermaphrodites note blue 
autofluorescence in the intestine
(a)
Fig. 6.4.4: Contour excitation and emission plots of autofluorescence in C. elegans (taken from 
(Davis et al., 1982). Plot 1 shows excitation and emission spectra for the whole aqueous fraction of worm 
homogenates. Plot 2 shows excitation and emission spectra for particulate matter obtained from whole 
worm homogenates and centrifuged to form a pellet.
P lo t l
EXCI TATI ON WAVCLfMGTM ( Ntt )
250 3DC 350 0 0  450 500 SS0
Plot 2
r
cr
rx
2SG
6 0 0
550
5 0 0
453
£XC 1 T 3T  [ 2 N  HfWEXEMOTH S Nfl  ; 
3 0 0  3 5 0  4 0 0  45C 5 0 0
'Jj
3 5 3
-  400
k / O j v - .
7 Y
<
5 5 0
1 2 - 0 AY
3 0 0
The blue square delineates the excitation and emission properties of the DAPI filter; the green square the 
excitation and emission properties of the GFP filter
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The excitation and emission ranges of the DAPI and GFP filter cubes are shown 
in Figure 6.4.4, by imposing them onto contour excitation and emission plots of C. 
elegans extracts (taken from Davis et al. (1982). Plot 1 shows the excitation/emission 
spectra for the aqueous phase extract, but similar plots were obtained for 
methanol/water and chloroform extracts (not shown). Plot 2 shows the 
excitation/emission spectra for pelleted particulate granules obtained during the 
extraction process. This concentrated matter might more realistically represents the 
excitation and emission properties of solid lipofuscin granules found in vivo. Davis et 
al. (1982) identify the B peak with lipofuscin, given its spectral properties and age 
increase, and the FI and F2 peaks with flavoproteins. In young worms there is already 
intense blue autofluorescence in the intestine, which seems a little odd if this 
corresponds entirely to age pigment. Possibly this reflects the very short lifespan of C. 
elegans.
Based on the spectra shown in Figure 6.4.4, the DAPI filter appears well suited 
for measurement of lipofuscin autofluorescence. However, this assumes that the 
spectral properties of autofluorescent material in vivo and in extracts is the same. 
Fluorescence was measured in two regions: The posterior pharyngeal bulb and the 
anterior end of the intestine, which exhibit low and very high levels of fluorescence, 
respectively (Figures 6.4.3a, 6.4.3b). During ageing the overall level of fluorescence 
increases, but that of the posterior pharynx remains low-level throughout life. Apart 
from the granular autofluorescence in the intestine, diffuse fluorescence also occurs in 
the buccal and pharyngeal linings and in the spermathecae (Clokey and Jacobsen, 
1986).
If lipofuscin represents the products of oxidation of cellular constituents, 
treatment with pro-oxidants such as paraquat should increase autofluorescence. Further, 
if EUK-8 protects against oxidative damage in vivo, it should also protect against 
paraquat-induced and perhaps ageing associated increases in autofluorescence.
6.4.3 Quantitative analysis of changes in autofluorescence in vivo during ageing
To establish whether age changes in autofluorescence may be detected by
epifluorescence microscopy using DAPI and GFP filters, measurements were made on
adult C. elegans hermaphrodites on days 1, 4, 7 and 10. Animals were maintained in
monoxenic liquid culture at 20°C. Quantitative measurements of mean and maximum
autofluorescence were made using Openlab 3.1.4 software on multiple samples. From
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these values, means and variance were calculated, and statistical comparisons made 
using the Student’s t test executed using Microsoft Excel X for Mac (version 1). 
Exposure time of the Hamamatsu Orca digital camera was set to a duration below that 
which would result in pixel saturation in even the most brightly fluorescent animals.
Contrary to expectation, autofluorescence measured using the DAPI filter cube 
did not show an age-dependent increase in autofluorescence (Table 6.4.2, Figure 6.4.3). 
A significant decrease in mean and maximum autofluorescence of the anterior gut is 
observed between 1 and 4 day-old C. elegans (0.0416 and <0.0001, respectively), while 
autofluorescence returns to the same level as in 1 day-old C. elegans in 7 day (mean 
autofluorescence only) and 10 day-old worms.
No differences in mean autofluorescence in the posterior pharynx with age were 
detected with the DAPI filter. Maximum autofluorescence was significantly increased 
in 4, 7 and 10 day old worms, but the increase did not appear proportional to increasing 
age (Table 6.4.2, Figure 6.4.5).
By contrast, age increases in autofluorescence were detected using the GFP filter 
(Table 6.4.3, Figure 6.4.6). A significant increase in mean autofluorescence of the 
anterior gut was observed between 1 and 4 day-old C. elegans (P = 0.0491), though no 
further increases between 4 and 7 day-old or 7 and 10 day-old C. elegans were observed 
(P = 0.6281, P = 0.9302 respectively). Maximum autofluorescence was also increased 
between 1 and 4 day-old C. elegans (P = 0.0003) with a further increase between 4 and 
7 day-old C. elegans (P = 0.0216). Maximum autofluorescence levels of 7 and 10 day- 
old C. elegans do not significantly differ (P = 0.8971).
In conclusion, the DAPI filter does not detect age increases in autofluorescence 
in living C. elegans, while the GFP filter does. Subsequent autofluorescence 
measurements were therefore performed using the GFP filter cube.
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Table 6.4.2: Change in blue autofluorescence over time, measured using the DAPI filter (excitation 
X=320-400nm; emission X=430-510nm)
Autofluorescence (a.u.)
Posterior pharynx Anterior gut cells
Age
(days
)
Mean ± 
S.D.
P Max ± 
S.E.
P Mean ± 
S.D.
P Max ± 
S.E.
P N
1 326±17 - 377±5 - 858±160 - 2099±134 - 19
4 360±31 0.9651 456±10 0.0148 613±94 0.0416 1149±65 <0.0001 19
7 364±31 0.9698 429±14 0.0075 748±190 0.8721 1596±146 0.0008 20
10 391±22 0.7216 475±16 0.0213 834±115 0.9826 1947±120 0.0691 19
Means are ± S.D, maxima are ± S.E. Exposure: 600 milliseconds, a.u. = arbitrary units; N = number of 
animals; P = probability that autofluorescence of treated animals is significantly different from that of the 
control (one-tailed Student’s / test)
Fig. 6.4.5: Change in blue autofluorescence over time measured using the DAPI filter (excitation 
X=320-400nm; emission X=320-400nm). a.u. = arbitrary units; means are ± S.D. and maxima are ± S.E.
* < 0.05; *** <; 0.0005
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Table 6.4.3: Change in green autofluorescence over time measured using the GFP filter (excitation 
X.=320-400nm; emission X=430-510nm)_______________________________________________________
Autofluorescence (a.u.)
Posterior pharynx Anterior gut cells
Age
(day
s)
Mean ± 
S.D.
P Max ± 
S.E.
P Mean ± 
S.D.
P Max ± 
S.E.
P N
1 435±44 - 483±44 - 566±117 - 887±92 - 19
4 427±40 0.8179 486±9 0.9817 778±143 0.0491 1581±100 0.0003 19
7 486±54 0.0916 547±13 0.0423 965±155 0.0215 1961±112 <0.0001 20
10 493±46 0.0663 575±20 0.0126 937±219 0.0233 2030±219 <0.0001 19
Means are ± S.D, maxima are ± S.E. Exposure: 10 seconds. See table 6.4.2 for explanation
Fig. 6.4.6: Change in green autofluorescence over time measured using the GFP filter (excitation 
X=430-510nm; emission X=475-575nm). a.u. = arbitrary units; means are ± S.D and maxima are ± S.E.
* ^  0.05; *** £ 0.0005
* * *  * * *  * l c *
□  One day 
I ■  Four days 
! ■  Seven days
■  Ten days
2000
£1000
Mean Max Mean Max
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6.4.4 Effect o f pro-oxidant and antioxidant application on autofluorescence in C. 
elegans
The effect of EUK-8 and paraquat on autofluorescence in 7 day-old C. elegans was 
measured (Table 6.4.4, Figure 6.4.7). Animals were maintained from day 1 for 6 days 
in treatment medium prior to examination. If autofluorescence corresponds to oxidised 
cellular constituents, paraquat treatment should increase autofluorescence. Continuing 
with this reasoning, if EUK-8 protects against oxidative damage to cellular constituents 
in vivo EUK-8 should decrease autofluorescence relative to the control. The latter 
observation, if made, would imply that oxidative damage may not limit lifespan under 
normal conditions. In contrast, if EUK-8 is only protective against oxidative damage 
under conditions of increased oxidative stress, e.g. paraquat treatment, it would be 
expected that EUK-8 has no effect on autofluorescence relative to the control, but to 
decreases autofluorescence in paraquat treated nematodes relative to nematodes treated 
with paraquat alone.
Application of paraquat causes a significant increase in mean gut 
autofluorescence relative to the untreated control (P = 0.0223) (Table 6.4.4, Figure 
6.4.5). In contrast, 0.25mM EUK-8 alone had no effect on autofluorescence, suggesting 
that this dose has little effect on oxidative damage. Surprisingly, application of 
paraquat and EUK-8 together increases autofluorescence relative to that of nematodes 
treated with paraquat alone (P <0.0001). EUK-8 clearly did not reduce the paraquat 
induced increase in autofluorescence. Similar effects were seen with respect to 
maximal autofluorescence in the gut and the posterior pharynx, though not mean 
posterior pharyngeal autofluorescence. This leads to the surprising conclusion that the 
protective effect of EUK-8 against paraquat does not involve protection against 
oxidative damage.
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Table 6.4.4: Effect of EUK-8 and paraquat on autofluorescence in 7 day-old worms. Measurements 
were taken using a GFP filter (excitation >,=430-5 lOnm; emission >i=475-575nm)_____________________
PQ,
EUK-8
(mM)
Autofluorescence (a.u.)
Posterior pharynx Anterior gut cells
Mean ± 
S.D.
P Max ± 
S.E.
P Mean ± 
S.D.
P Max ± 
S. E.
P N
0,0 585±55 - 670±20 - 1183
±162
- 2923
±280
- 11
2,0 612±22 0.0789 738±14 0.0032 1535
±402
0.0223 3675
±275
0.0283 8
0,0.25 603±21 0.1763 679.4±8 0.3038 1232
±301
0.3527 3050
±437
0.4017 7
2,0.25 621±54 0.0723 754±26 0.0083 2089
±403
<0.0001 3986
±109
0.0006 10
Means are ± S.D, maxima are ± S.E. Exposure: 600milliseconds. a.u. = arbitrary units; N = number of 
animals; P = probability that autofluorescence of treated animals is significantly different from that of 
the untreated control (one-tailed Student’s t test).
Figure 6.4.7: Effect of EUK-8 and paraquat on autofluorescence in 7 day-old worms measured using 
the GFP filter (excitation >,=430-51Onm; emission X=475-575nm). a.u. = arbitrary units; means are ± S.D 
and maxima are ± S.E.
* < 0.05; ** ^ 0.005; *** < 0.0005
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6.4.5 Conclusion
The DAPI filter cube did not reveal the expected age-dependent increase in 
autofluorescence, despite the fact it seemed to be ideal according to Davis et al. (1982). 
The GFP filter cube, against expectation, did reveal an age-dependent increase in 
autofluorescence. This implies that the spectral properties of autofluorescent material is 
altered by extraction into aqueous or organic extracts. Investigation of the effect of pro- 
and antioxidants on autofluorescence using the GFP filter cube showed that, as 
expected, paraquat application causes an increase in autofluorescence. This provides 
support for the view that products of oxidative damage to cellular constituents at least 
contribute to autofluorescence.
EUK-8 alone had no detectable effect on autofluorescence. This result is 
inconclusive: It remains possible that EUK-8 does protect against oxidative damage to 
macromolecules, but that these effects are not detectable as reductions in 
autofluorescence, either because levels of autofluorescent material are not altered, or 
because the methods used here could not detect such changes. Surprisingly, addition of 
EUK-8 to paraquat-treated nematodes did not reduce autofluorescence, and even 
increased it relative to that seen in animals treated with paraquat alone. There are 
several possible interpretations for this result. Firstly, it could be proposed that the 
protective effects of EUK-8 on paraquat treated animals does not involve reduction of 
oxidative damage to any cellular constituents. Secondly, while EUK-8 does protect 
against some forms of molecular damage that are critical to survival, it may interact 
with paraquat to enhance other less critical forms of damage. One possible scenario is 
that the presence of EUK-8 reduces superoxide levels, thus reducing damage to some 
critical cellular component e.g. lipid, that also contribute less, when damaged, to 
autofluorescence. At the same time, addition of EUK-8 leads to increased hydrogen 
peroxide, which leads to increased oxdation of components of the cell that are less 
critical to survival, e.g. non-essential proteins, and which contribute more to 
autofluorescence.
6.5 Over-expression of SOD and catalase
6.5.1 Introduction
Addition of SCMs alone does not attenuate oxidative stress adequately enough to
extend lifespan, despite demonstrably enhancing SOD, though not catalase activity in
vivo, and increasing lifespan where this is limited by pro-oxidants. A logical next step
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was to construct over-expression lines containing one or more of the five SOD and three 
catalase genes identified in C. elegans, and perform similar trials to those outlined 
above, using the over-expressors as an alternative to EUK-8 application. Combined 
overexpression of at least one cytosolic SOD, a mitochondrial SOD, a cytosolic catalase 
and a mitochondrial catalase would be desirable, particularly in light of the recent 
finding that superoxide reactivity is limited by the mitochondrial membrane in 
Drosophila (Missirlis et al., 2003).
6.5.2 Results
Primers for gene amplification were designed and theoretical PCR performed using the 
MacVector 7.1.1 software. The primer sequences (with restriction enzyme sites) used 
are shown in Section 2.14. Primers were obtained from MWG-Biotech AG (Milton 
Keynes, UK). Primers were diluted to 200 pmol/pl storage stock concentration using TE 
buffer, then stored at -20°C. A working stock concentration of 20 pmol/pl was made 
up prior to use.
Of the eight target genes, only two, sod-2 and sod-3 were successfully amplified 
and digested. Attempts to ligate them with the cloning vector pPD95.77 and transfect 
competent E. coli cells were not successful. A tiny quantity of ctl-1 DNA was also 
obtained, but an attempt to amplify this further using the small band of purified PCR 
product as template DNA was not successful either. This project could not be 
completed due to time constraints.
6.6 Discussion
6.6.1 EUK-8 and paraquatfplumbagin-induced lifespan shortening 
A recent study in Drosophila has shown that paraquat application reduces activity of the 
0 2#- sensitive enzyme aconitase in the cell cytosol but not in the mitochondria 
(Missirlis et al., 2003). This implies that in fruit flies, paraquat-mediated C o ­
generation is limited to the cytosol, and this could well be the case in C. elegans also. 
This work also showed that superoxide production and scavenging are 
compartmentalised between the cytosol and the mitochondria: That these compartments 
limit the range of 0 2#- reactivity and that there is little or no redundancy between the 
activity of cytosolic and mitochondrial SODs (Missirlis et al., 2003). Thus, in order to
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test the oxidative damage theory of ageing it is important to establish the effects of 
EUK-8 on both cytosolic and mitochondrial superoxide levels.
In their study of housefly ageing, Bayne & Sohal (2002) conclude that EUK-8 
does not protect against oxidative stress, since EUK-8 treated animals succumbed more 
quickly to hyperoxia. By contrast, results in this chapter show the efficacy of EUK-8 in 
protecting against paraquat and plumbagin-induced lifespan shortening. Yet EUK-8 
does not enhance longevity in the absence of exogenous pro-oxidants, even at a 
concentration (0.25mM) that provides maximal protection against superoxide 
generators. This casts doubt upon the oxidative stress hypothesis of ageing: if oxidants 
are limiting to lifespan, as the hypothesis posits, then augmentation of oxidant defence, 
which EUK-8 treatment clearly achieves, should retard ageing and increase lifespan.
Yet it remains possible to reconcile these findings with a major role of 
superoxide in ageing. The discovery that oxidants play an essential role in signalling 
and immune defence suggests that ROS production may occur at an optimal level, such 
that reducing it compromises viability. It was recently shown that overexpression of 
glutathione reductase or mitochondrially targeted catalase in Drosophila increases 
resistance to oxidative stress, but does not increase lifespan (Mockett et al., 2003; 
Mockett et al., 1999b). The authors of these studies proposed two hypotheses for how 
these findings could still be consistent with the oxidative damage theory.
Firstly, it was argued that the lower the level of ROS production, the more 
difficult it might be for antioxidant defenses to neutralise it. This could be because rare 
oxidants will usually encounter and damage a target molecule before they encounter an 
antioxidant (Mockett et al., 1999b). Perhaps this is true, but if so it would mean that the 
increased antioxidant defenses seen in a number of long-lived mutants are unlikely to 
contribute to this phenotype. Secondly, it was proposed that under optimal conditions, 
ROS levels are maintained at a low, optimal set point. Reducing levels below this point 
might be deleterious, since ROS may function for example in intracellular signalling or 
immune defense (Mockett et al., 2003). However, given that 0.25mM EUK-8 gives 
optimal protection against paraquat, yet does not affect normal aging, this interpretation 
seems unlikely, unless it is true that lower levels of pro-oxidant are increasingly 
difficult to remove.
Another possible reason why elevation of antioxidant defenses may not retard
aging is that exogenous or transgene-expressed antioxidants may cause compensatory
reductions in endogenous antioxidant levels (Sohal et al., 2002). However, it is unlikely
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that such compensatory effects may account for the failure of EUK-8 and EUK-134 to 
extend lifespan, for the following reasons. Firstly, treatment with SOD mimetics 
increases overall SOD activity in vivo, and does not depress endogenous SOD or 
catalase levels (F. Mattijssens and J. Vanfleteren, pers. comm.). Secondly, treatment 
with EUK-8 increased protection against superoxide sufficiently to extend lifespan 
where superoxide levels are elevated. However, one cannot rule out the possibility that 
paraquat treatment induces changes which enhance EUK-8 activity in vivo, in a daf-16- 
and da/-7S-independent fashion. Nonetheless, the most parsimonious explanation for 
the failure of SOD mimetics to retard aging in C. elegans is that superoxide plays at 
most a minor role in limiting lifespan during normal aging in this organism. Perhaps 
the best way to resolve these issues would be to conduct a comprehensive investigation 
of the effects of over-expressing Cu/Zn SOD, Mn SOD and catalase, alone or in 
combination, on oxidative stress resistance, oxidative damage and ageing. A 
preliminary attempt to do this was made as part of this study.
6.6.2 Hormesis -  paraquat as a sub-lethal stressor
The rationale for the trials with daf-16(0) and daf-18(0) was that paraquat might 
enhance stress resistance through hormetic induction of stress resistance that was then 
augmented by EUK-8, and that EUK-8 can only increase lifespan under such 
conditions. Eliminating the ability of C. elegans to respond to sub-lethal stress suggests 
that the PQ-ILS rescue offered by EUK-8 was real, as opposed to being a result of 
paraquat priming the worm defences. However, it remains possible that while some 
aspects of the hormetic response require daf-16 and daf-18 (Cypser and Johnson, 2003), 
others do not.
6.6.3 Effect of EUK-8 and paraquat on autofluorescence
This study led to two main conclusions concerning oxidative damage and 
autofluorescence. The first is that the spectral properties of autofluorescence in vivo are 
different to those in aqueous and organic extracts. What is needed is a study analogous 
to that of Davis et al. (1982), to characterise in detail the spectral properties of 
autofluorescence in vivo, and how they change with age and in response to pro-oxidants. 
One way to achieve this would be by means of confocal microscopy, with multiple 
excitatory wavelengths and a variable wavelength detector.
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